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FOREWORD 


This  program  was  conducted  by  the  McDonnell  Douglas  Missile  Systems 
Company  (MDMSC)  in  cooperation  with  Sclilosser  Casting  Company  under 
Contract  Number  F33615-89-C-5627.  Under  this  effort  "A”  and  "B"  design 
allowables  were  determined  for  Ti>6Al-4V  castings.  A  new  microstructural 
inspection  techniques  and  a  new  AMS  specification  were  established  for 
investment  cast  Ti-6iW-4  V. 

Mr.  Steven  R.  Thompson  managed  the  program  for  Wright  Laboratory.  His 
guidance  on  the  program  is  greatly  appreciated.  Funding  for  the  program  was 
provided  by  Wright  Laboratories  Materials  Directorate. 

We  ate  also  grateful  for  the  support  provided  by  the  members  of  the  MIL- 
HDBK-5  Titanium  Casting  Task  Group,  for  their  inputs  and  support  of  this 
program.  Their  guidance  was  invaluable  to  the  program. 
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SECTION  1 


INTRODUCTION  AND  SUMMARY 


Casting  has  been  demont  trated  to  be  a  cost>effective  means  of 
manufacturing  aerospace  parts  compared  to  other  fabrication  processes 
sudi  as  machining  or  forging.  The  casting  process  produces  net  or  near 
net  shape  parts  that  require  little  or  no  mnrhining.  For  titanium  alloys 
castings  are  particularly  cost-effective  for  several  reasons.  Since  the  raw 
material  cost  of  titanium  is  high,  efiBdent  use  of  the  raw  material  as  in 
castings  results  in  htde  waste.  Using  traditional  methods  to  machine 
titanium  is  expensive.  Elimination  of  machining  would  further  reduce 
costs. 


Although  castings  have  been  found  to  be  cost-effective,  their  usage  in 
critical  aircraft  structures  is  limited  due  to  the  imposition  of  a  margin  of 
safety  (i.e.,  casting)  factor.  In  early  casting  technology,  poor  controls  over 
the  material  composition  resulted  in  parts  with  entrapp^  gas  or 
inclusions.  Lack  of  process  control  produced  castings  with  shrinkage, 
cold-shuts,  and  hot  tears.  Many  parts  had  coarse,  nonuniform 
microstructure  and  (hemical  segregation.  These  defects  caused 
variabilities  in  the  mechanical  properties  of  castings.  This  led  to  the 
institution  of  an  added  margin  of  safety  for  castings,  or  a  casting  factor, 
that  is  stiU  used  in  the  design  of  cast  components  despite  the 
advancements  that  have  been  made  in  casting  technology  that  have 
increased  the  reliability  and  quality  of  parts. 

Foundries  have  focussed  on  several  parameters  in  order  to  improve 
the  quality  of  castings.  Refinement  of  chemistries  has  been  performed  to 
increase  consistency  in  processing  as  well  as  in  the  final  product. 

Analysis  of  casting  design  has  provided  information  for  the  optimization  of 
gating  and  mold  fill  to  prevent  the  formation  of  flaws  during  casting  and  to 
improve  produdbility.  Heat  treatment  of  castings  has  been  developed  to 
modify  microstructures  to  improve  properties  as  verified  by  tests  of 
separately  cast  bars  or  prolongations.  Extensive  nondestructive  inspection 
techniques  have  been  develop^  to  verify  quality  in  castings.  These 
techniques  and  inspection  criteria  have  been  tailored  to  the  criticality  of 
castings  in  use.  ^\^ile  the  better  inspection  methods  increase  confidence 
in  the  quality  of  the  parts  being  used,  they  also  add  to  the  cost  of  using 
castings.  Despite  all  these  improvements  in  foundry  practice,  the  process 
controls  are  not  well  enough  established  to  permit  the  establishment  of 
design  allowables. 
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1.1  BACKGROUND 


Aircraft  compames  have  been  reluctant  to  use  castings  (primarily 
aluminum)  due  to  their  inconsistent  mechanical  properties  and  quality. 

To  compensate  for  the  scatter  in  properties,  a  mai^n  of  safety  (i.e.,  a 
casting  factor)  of  1.33  was  defined  for  missiles  (Reference  1)  and  aircraft 
(Reference  2).  During  the  1960s,  aluminum  foundries  demonstrated  that 
the  property  scatter  could  be  reduced  by  providing  better  control  of  the 
process.  To  eliminate  the  uncertainty  that  properties  of  separately  cast  test 
bars  did  not  reflect  those  of  castings,  strength  was  verified  using 
specimens  excised  from  parts.  While  the  use  of  separately  cast  bars 
provides  a  good  means  of  checking  chemistry  and  heat  treatment 
response,  it  is  not  representative  of  the  properties  of  the  part  since  the 
solidification  environment  is  different.  In  1970,  MIL*A*21180  (Reference  3) 
was  issued  and  addressed  the  problem  of  variability  in  properties  by 
requiring  more  detailed  inspection  criteria.  Even  with  improvements  in 
foundry  practice,  variability  in  mechanical  properties  was  still  considered 
excessive.  In  1985  acceptance  criteria  based  upon  measurement  of 
dendrite  arm  spacing  (DAS)  of  aluminum  castings  was  established 
(Reference  4).  Subsequently,  the  Society  of  Aerospace  Engineers  (SAE) 
issued  an  Aerospace  Recommended  Practice,  ARP  1947,  (Reference  5) 
describing  the  procedure  for  determining  DAS  and  relating  it  to  tensile 
strength  and  also  issued  a  material  specification,  AMS  4241  (Reference  6), 
that  specified  a  more  restrictive  chemistry  for  aluminum  alloy  357. 

Despite  the  advances  that  have  been  made  in  titanium  foundry 
technology,  there  is  a  reluctance  to  eliminate  the  casting  factor  because  of 
the  history  of  property  variability  in  aluminum  castings.  In  titanium 
alloys,  hot  isostatic  pressing  and  appropriate  heat  treatment  have  been 
shown  to  offer  the  potential  of  near-wrought  properties,  including  fatigue- 
resistance  and  ductility.  For  these  reasons  and  because  of  the  cost 
effectiveness  of  using  these  castings,  there  has  been  an  increased  interest 
in  using  and  establishing  design  ^lowables  for  these  parts.  In  response  to 
this  need,  in  1986,  the  Military  Handbook  5  Coordination  Committee 
established  an  ad  hoc  committee  to  compile  data  from  investment  cast  Ti- 
6A1-4V  for  the  purpose  of  determining  "A"  and  "B"  design  allowables. 

Data  from  suppliers  and  users  supplied  to  the  Titanium  Casting  Task 
Group  showed  that  investment  cast  Ti-6A1-4V  parts  supplied  to  the 
aerospace  industry  could  not  be  represented  by  a  single  set  of  "A"  and  "B" 
design  allowables  (Reference  7). 

Figure  1  demonstrates  this  point.  This  figure  shows  the  mechanical 
property  distribution  by  supplier  for  an  investment  cast  Ti-6A1-4V  eleven 
housing  supplied  to  the  Boeing  Corporation  (Reference  8).  Data  from  each 
supplier  can  be  represented  by  its  own  population  distribution.  The 
implication  is  that  foundry  practices  significantly  affect  the  variability  of 
mechanical  properties  in  castings.  However,  the  differences  in  properties 
in  no  way  compromise  the  quality  of  the  parts  since  mechanical  properties 
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of  the  parts  met  the  minimum  values  specified  in  the  Boeing  specification 
(BMS  7-181).  Attempts  to  determine  "A"  and  "B"  basis  design  allowables 
from  data  vdth  such  a  large  variation  in  properties  would  result  in 
conservative  values. 

The  Task  Group  concluded  that  the  casting  and  processing  of  Ti- 
6A1-4V  needed  to  be  reduced  to  a  standard  practice  that  was  tightly 
controlled  by  a  specification  in  order  to  reduce  the  variability  in 
mechanical  properties.  Only  when  the  variability  was  reduced  and 
meaningful  "A"  and  "B"  allowables  established,  could  reduction  or 
elimination  of  the  casting  factor  be  considered. 

30 
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FIGURE  1.  VARIATION  IN  MECHANICAL  PROPERTIES  OF 

TI-6AL-4V  CASTINGS  FROM  DIFFERENT  SUPPLIERS 


The  primary  objective  of  our  program  was  to  establish  meaningful 
"A"  and  "B"  design  allowables  for  Ti-6^-4V  castings.  It  is  important  to 
emphasize  that  this  did  not  necessarily  result  in  obtaining  castings  with 
the  highest  properties,  but  rather  the  most  consistent.  We  employed  the 
strategy  of  Rrst  reducing  the  variability  in  mechanical  properties  by 
imposing  tighter  restrictions  on  chemistry  and  post-casting  treatment. 
We  also  utilized  a  microstructural  nondestructive  technique  to  verify 
properties  of  castings.  Castings  produced  to  these  tightened  parameters 
would  then  be  controlled  by  a  new  specification  and  a  microstructural 
nondestructive  inspection  technique.  The  technical  program  consisted  of 
the  following  phases:  control  of  variability,  preproduction  analysis, 
nondestructive  inspection,  specification  establishment,  establishment  of 
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"A"  KDid  IB”  aUowablM.  and  daraaft  tedaranoa.  Tha  program  flow  is 
shown  in  Figure  2. 


FIGURE  2.  PROGRAM  FLOW 


1.2  PROGRAM  PHASES 


In  Phase  I,  we  used  Taguchi  metiiods  to  determine  the  sources  of 
variability  in  Ti*6Al-4V  castings.  The  primary  factors  that  were 
investigated  in  this  study  were  the  chemical  composition  and  post>casting 
treatment.  These  factors  were  defined  with  the  intent  of  producing 
castings  with  small  variability  in  mechanical  properties. 

In  Phase  II,  we  analyzed  mechanical  properties  of  preproduction 
missile  fins  and  stop  plates  produced  using  the  composition  and  post¬ 
casting  treatment  defined  by  the  results  of  the  Taguchi  study.  We  also 
utilized  a  nondestructive  inspection  (NDD  technique  develoj^  by  MDMSC 
to  correlate  physical  and  mechanical  properties  of  castings  with  features 
such  as  prior  l^ta  grain  size,  alpha  colony  size,  and  grain  boundary  alpha. 

In  Phase  III,  a  new  AMS  specification  was  written  to  incorporate 
the  refined  chemistry  and  post-casting  treatment.  Mechanical  property 
testing  of  specimens  from  of  step  plates  and  preproduction  fins  was  us^  to 
provide  "S"  basis  allowables. 

In  Phase  IV,  specimens  from  production  lots  of  parts  were  tested  to 
determine  "A**  and  "B"  allowables  for  these  castings.  Compression, 
bearing,  and  shear  properties  were  also  determined  for  the  establishment 
of  reduced  ratios.  These  properties  were  used  to  revise  the  AMS 
specification. 

Finally,  in  Phase  V,  fracture  mechanics  testing  of  specimens  from 
the  castings  was  performed. 
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SECTION  2 


CONTROL  OF  VARIABILITY 


In  Phase  I,  we  utilized  Taguchi  methods  to  identify  the  causes  of  and 
minimize  the  variation  in  the  tensile  strength  of  titanium  castings.  We 
applied  Taguchi  analysis  dt  means  and  variance  methods  to  the  test  data 
provided  by  the  Boeing  Corporation  as  well  as  other  available  data.  As  a 
result  of  this  analysis,  we  were  able  to  discern  the  individual  effects  of 
chemistry,  HH^ing,  and  heat  treatment  on  the  average  and  variance  of  the 
mechanical  properties  for  Ti-tiAl-dV  castings.  It  was  considered  beyond 
the  scope  of  this  program  to  include  analysis  of  other  factors  such  as 
cooling  rates  (due  to  differences  in  mold  temperature  prior  to  casting), 
weld  repair  conditions,  and  heat  treatments  above  the  beta  transus. 


2.1  COMPOSITIONAL  VARIABILITY 


In  this  task  we  used  Taguchi  methods  to  define  compositional  limits 
for  'ri'6Al>4V  castings  to  provide  more  consistent  mechanical  properties. 
The  relative  strengthening  effect  of  each  alloying  element  was  taken  into 
account  in  our  analysis.  A  detailed  description  of  this  analysis  can  be 
found  in  Appendix  A. 

Based  on  our  finding,  we  felt  that  a  tightening  of  allowable 
chemistry  variations  was  feasible  for  the  alloying  elements  in  Ti-6A1>4V. 
Because  of  extensive  experience  obtained  in  the  production  of  titanium 
alloys  over  the  last  30  years,  control  of  alloy  chemistry  is  fairly  routine.  Of 
the  interstitials,  carbon  and  nitrogen  are  usually  not  a4justed  by  the 
primary  metal  supplier  and  typic^y  do  not  exceed  0.01  weight  percent 
(w/o).  Oxygen  levels  are  usu^y  higher  than  those  for  carbon  and  nitrogen 
primarily  b^use  the  starting  tita^um  sponge  can  contain  oxygen  levels 
as  high  as  0.08  w/o.  Melting  operations  conducted  by  titanium  foundries 
typically  raise  the  oxygen  content  of  the  nmlt  by  approximately  0.02  w/o. 
With  current  commercial  practice,  therefore,  it  is  possible  to  obtain  a 
titanium  alloy  casting  with  well*oontrolled  oxygen  levels  in  the  range  0.12- 
0.17  w/o. 

As  stated  in  Section  1,  the  intent  of  the  program  was  to  establish 
parameters  to  produce  the  most  consistent  properties  and  not  necessarily 
the  highest  average  properties.  An  example  of  this  is  shown  below. 
Differences  in  chemical  composition  that  were  still  within  the  limits  of  the 
current  public  specifications  can  produce  variations  in  population 
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distributions  (Figure  3).  If  we  target  a  tighter  chemical  composition,  we 
obtain  the  population  labelled  "minimum  variance."  The  average  strength 
of  the  parts  is  approximately  134  ksi.  On  the  other  hand,  if  our  target  were 
to  be  a  chemistry  that  would  produce  mazinium  average  strength,  the 
resultant  mechanical  properties  wotUd  shew  a  much  larger  spread  in 
values.  The  "A"-  and  "B"-basis  allowables  (Table  1)  for  eadi  of  these 
groups  verify  the  influence  that  population  distribution  has  upon  allowable 
values. 
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FIGURE  3.  DIFFERENT  CHEMISTRIES  PRODUCE  DIFFERENT 
STRENGTH  LEVELS  AND  DISTRIBUTION  OF 
POPULATION 


TABLE  1.  A"  AND  "B  ALLOWABLES  CORRESPONDING  TO 

CURVES  IN  FIGURE  3 
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The  Taguchi  analysis  of  the  Boeing  data  set  identified  an  optimal 
chemistry  for  Ti-6A1-4V  castings  that  would  result  in  minimal  variation  in 
properties.  Our  optimized  diemistry  is  shown  in  Table  2  and  is  compared 
to  chemistries  currently  listed  for  Ti*6Al*4V  eastings.  Ingot  and  casting 
suppliers  were  asked  to  review  the  findings  of  the  Taguchi  analysis.  All 
felt  that  the  optimized  chemistry  was  too  restrictive  and  supplied 
information  t^t  allowed  us  to  define  a  chemical  composition  that  was  as 
close  to  the  optimized  composition  as  possible  and  still  considered 
producible  by  the  casting  suppliers  without  incurring  a  significant  cost 
penalty. 
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TABLE  2.  PROPOSED  CHEMISTRIES  FOR  TI.6AL-4V  CASTINGS 
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In  our  Taguchi  analysis  we  also  determined  the  contribution  of  each 
element  to  the  variability  of  the  me^nical  properties.  These  data  are 
shown  in  Table  3.  The  data  indicate  that  aluminum  is  welLcontrolled 


TABLES.  CONTRIBUTION  OF  ALLOYING  ELEMENTS  TO 
MECHANICAL  PROPERTY  VARIABILITY 


ELEMENT 
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and  contributes  very  little  to  the  mechanical  property  variability.  However, 
our  analjrsie  showed  that  the  other  elements  listed  have  a  significant 
influence  on  the  variability  of  the  yield  or  tensile  strength  or  both.  These 
effects  have  been  documented  as  shown  in  Figure  4,  fimm  which  it  can  be 
observed  that  a  small  change  in  interstitial  content  can  result  in  a  large 
change  in  strength.  In  higher  strength  titanium  alloys,  oxygen  and  iron 
are  intentional  additions  &at  result  in  higher  strong^.  M^e  carbon 
and  nitrogen  can  also  be  potent  strengtheners,  their  content  is  kept  to  a 
minimum  to  avoid  embrittlemeat.  In  our  analysis  we  determined  that  in 
order  to  decrease  the  variability  of  the  mechanical  properties,  the  amounts 
of  interstitial  elements  and  iron  need  to  be  restrict^  to  narrower  ranges. 


INTERSTtTIAL  CONTENT.  % 


FIGURE  4.  EFFECTS  OF  INTERSTmAL  ALLOYING  ELEMENTS  ON 
UNALLOYED  TITANIUM  (REFERENCE  9) 


Using  the  supplier  information,  we  selected  two  suppliers  that  could 
meet  restrictive  chemistries  and  the  rigorous  program  s^edule.  Supplier 
1  set  their  chemistry  limits,  labelled  as  Chemistry  "B"  (Table  4)  as  being 
producible  at  a  cost  competitive  to  current  Ti*6A]'4V  castings.  Their  parts 
were  centrifugally  cast.  Supplier  2,  who  used  a  static  casting  method,  felt 
that  Chemistry  "A"  (Table  4),  which  was  less  restrictive  than  Chemistry 
"B"  was  more  producible.  In  order  to  obtain  comparisons  between  the 
suppliers  as  well  as  b(  tween  chemistries,  Supplier  2  was  required  to 
produce  half  of  their  parts  to  Chemistry  "A"  and  the  other  half  to 
Chemistry  "B." 
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TABLE  4.  PROGRAM  CHEMISTRY 


2.2  POST-CASTING  TREATMENT 


The  data  in  Table  3  ehow  that  approximately  60%  of  the  variability  in 
mechani^  pr^rtiee  of  Ti-6A1-4V  caetinge  ie  a  reeult  of  chemical 
compoeition.  The  other  40%  ie  due  to  other  factors  such  as  post-casting 
treatment.  In  this  task  we  applied  Taguchi  methods  to  a  variety  of  heat 
treatment  data  that  had  been  corniced  by  the  MILrHDBK-5  Titimium 
Casting  Task  Group  (Appendix  A).  The  objective  of  this  task  was  to 
identify  HIP  and  annealing  treatments  for  Ti-SAl-dV  castings  that  would 
res^t  in  more  consistent  mechanical  properties.  The  data  came  from  a 
variety  of  sources  including  both  suppliers  and  users.  Because  these 
treatments  are  not  identicid,  the  castings  produced  by  each  foiindry  can  be 
expected  to  exhibit  slightly  different  mechanical  properties  due  to  the 
sensitivity  of  the  microstructure  of  titanium  alloys  to  elevated  temperature 
exposure. 

Selection  of  a  specific  HIP  cycle  is  primarily  dependent  on  the 
section  site  and  mierostructure  of  the  casting.  HIP  temperatures  for  Ti- 
6A1-4V  castings  are  never  above  the  beU  transus  (1825”F)  to  avoid  the 
formation  of  undesirable  microstructural  constituents.  These  include  the 
formation  of  large  beta  grains  during  the  isothermal  portion  of  the  cycle 
and  precipitation  of  thick  grain  boundary  alpha  phase  during  the  long  cool 
down  portion  of  the  cyclo.  Although  large  prior  teta  grain  size  has  bMn 
shown  (References  10-13)  to  exert  a  benefidal  effect  on  fiacture  tou|duiess, 
creep  resistance,  and  resistance  to  fatigue  crack  propagation,  it  is 
detrimental  for  low-  and  high-cycle  fatigue  resistance.  Grain  boundary 
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alpha  is  undesirable  because  it  has  been  found  to  cause  premature  fatigue 
crack  initiation  (Reference  14). 

Heat  treatment  of  titanium  alloy  castings  is  used  to  modify  certain 
microstructiiral  features  and  affect  an  improvement  in  mechanical 
properties.  In  'n'6Al*4V,  heat  treatment  idters  the  grain  boundary  alpha 
phase,  the  large  alpha  platelet  colonies,  and  the  morphology  of  the  alpha 
platelets.  treatments  can  be  done  both  above  and  below  the  beta 
transus  temperature.  Heat  treatment  above  the  beta  transus  is  known  to 
improve  fatigue  resistance  while  maintaining  strength  properties,  but 
eareftil  oontrol  of  exposure  times  and  cooling  rate,  espedally  in  thick 
section  castings,  must  be  maintained  to  adiieve  optimum  restdts.  Beta 
heat  treatments  offer  additional  problems  with  distortion  induced  by 
alpha/beta  phase  transformation;  ^ese  problems  can  be  minimized 
throu|d>  the  use  of  rigid  fixtures.  Because  the  minority  of  titanium 
castings  are  typically  annealed  below  the  beta  transus,  more  data  are 
available  on  the  properties  of  these  castings.  For  tins  reason,  the  use  of 
beta  heat  treatments  was  not  considered  for  this  program. 

Details  of  the  Ta^chi  analytis  performed  to  optimize  post'Casting 
treatment  are  described  in  Appendix  A.  When  one  examines  the  phase 
relationships  (Figi^  6),  it  would  appear  that  choice  of  annealing 
temperature  for  Ti*6Al>4V  castings  in  the  ran^e  that  is  currently  called  out 
in  the  public  specifications  (ISSOT'ISSO^'F),  would  have  little  effect  on  the 
microstructure  and  mechanical  properties.  However,  our  analysis 
indicates  that  narrowing  this  rai^  would  decrease  the  variability  in 
properties.  The  results  of  our  analysis  indicated  that  hot  isostatic  pressing 
at  1660*F/16  ksi/2  hours  and  annealing  at  1660"F/2  boturs  would  pr^uce  the 
least  variability  in  strength.  The  materials  and  parts  suppliers  agreed  that 
these  parameters  were  reasonable,  and  parts  us^  in  this  program  were 
produced  to  these  parameters. 

The  results  of  the  Taguchi  analyses  were  used  to  produce  cast  stop 
plates  and  missile  Am  for  specification  detonnination  and  design  allowable 
determination.  Specimens  fhnn  these  parte  were  used  to  establish  NDI  and 
mechanical  property  data  bases  for  the  remainder  of  the  program. 
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SECTIONS 


PREPRODUCnON  PART  ANALYSIS 


In  Fliase  n  of  the  program,  we  performed  mechanical  property 
testing  and  microstructural  nondestructive  inspection  of  cast  step  plates 
(Figure  6)  and  preproduction  missUe  fins  (Figu^  7)  produced  using  the  2 
chemistries  shown  in  Table  4.  Parts  were  to  be  supplied  by  two  foundries 
(Supplier  1 «  Wyman-Ckmlon;  Supplier  2  »  Schlosser  Casting  Company). 
The  data  generated  were  used  to  establish  a  new  AMS  specification  for 
investment  cast  Ti-6A1-4V. 


3.1  MECHANICAL  PROPERTY  TESTING 


Twelve  specimens  were  excised  from  each  step  plate  and  9  specimens 
from  the  2  preproduction  fins  for  a  total  of  33  test  specimens.  Specunen 
orientation  with  respect  to  part  geometry  is  shown  in  Figure  8.  Testing  was 
performed  at  76**F  in  accordance  with  ASTM  E8  (Reference  16),  and  the  data 
are  contained  in  Appendix  B. 

Data  in  this  section  represent  parts  produced  by  Supplier  2.  Parts 
from  Supplier  1  did  not  meet  the  program  requirements  and  were  not 
incorporated  into  the  base  plan  b^use  these  castings  had  been  annealed 
for  more  than  2  hours  in  order  to  lower  the  hydrogen  content.  Data  ftt>m 
parts  procured  fiwm  Supplier  2  were  used  in  later  analyses  for  heat 
treatment  comparison. 

When  we  examined  the  differences  in  strength  as  a  function  of 
chemistiy,  we  noted  that  there  was  a  difference  in  the  mechanical 
properties  of  the  castings  that  was  related  to  the  chemistry  of  the  parts 
(Figure  9).  Step  plates  made  to  the  more  restrictive  Chemistry  ”B"  (Table  4) 
had  hh^er  properties  than  those  cast  to  tlto  less  restrictive  Chemistry  "A." 
The  dimrenoes  varied  fiom  0.6  to  3  ksi,  and  the  trends  with  respect  to 
thickness  were  the  same.  When  we  look  at  the  actual  chemistries  of  the 
step  plates  (Table  6),  we  see  that  the  chemistries  of  both  plates  were  tightly 
controlled  and  are  very  similar.  There  are  differences  noted  in  the 
quantities  of  iron,  vanadium  and  aluminum.  Both  plates  met  the  highly 
restrictive  chemical  composition  established  using  the  Taguchi  analysis. 
This  indicates  that  there  will  always  be  some  variability  in  properties  even 
when  tising  a  highly  restrictive  chemistry. 
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NOTE;  ALL  DIMENSIONS  IN  INCHES 
‘MINIMUM  DIMENSIONS 


FIGURE  6.  CAST  TI-6AL-4V  STEP  PLATES 
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FIGURE  8.  LOCATION  AND  ORIENTATION  OF  TENSILE 

SPECIMENS  EXCISED  FROM  PREPRODUCTION  FINS 
AND  STEP  PLATES 
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FIGURE  9.  RELATIONSHIP  OP  CHEMISTRY  TO  STRENGTH 


TABLE  6.  ACTUAL  CHEMISTRIES  OF  PREPRODUCTION  PARTS 
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The  "F"  ratio  comparison  of  variances  and  "t"  test  for  comparison  of 
means  indicated  that  pi^  from  Chemistry  "A"  and  "B”  could  be 
considered  part  of  the  same  population.  The  data  from  parts  made  using 
the  2  chemistries  were  combined  into  a  single  population.  The  strength  of 
the  parts  varied  very  little  with  part  thickness  (Figure  10).  Standard 
deviations  were  less  than  2  for  Iwth  tensile  and  yield  strengths.  These  data 
were  compared  with  other  data  provided  by  Tite^  (Reference  16)  or  derived 
from  MDMSC  IRAD  studies  of  iH-6Al‘4V  castings  (Reference  17).  This 
comparison  shows  that  the  average  strength  obtained  with  the  restrictive 
chemistry  is  lower  than  that  obtained  using  process  controls  contained  in 
current  public  specifications  (^gure  11).  Our  data  also  showed  far  less 
variability  than  the  other  data  sets. 

Data  from  the  preproduction  parts  were  then  used  to  calculate 
preliminary  "S"-basis  allowables  using  the  computational  procedure 
described  in  MILrin)BK-6  (Reference  18).  The  preliminary  allowables  are 
Ftus  125  ksi  and  Fty=  120  ksi. 
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FIGURE  10.  RELATIONSHIP  OF  THICKNESS  TO  TENSILE  STRENGTH 
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FIGURE  11.  DATA  GENERATED  FROM  PARTS  CAST  TO  MORE 
RESTRICTIVE  CHEMISTRY  AND  POST-CASTING 
TREATMENT  SHOW  LESS  VARIABILITY  THAN  DATA 
GENERATED  FROM  PARTS  CAST  TO  CURRENT  PUBLIC 
SPECIFICATIONS 


3.2  NONDESTRUCTIVE  INSPECTION 


The  Ti-6AI-4V  alloy  microstructure  contains  nearly  all  alpha  phase 
with  5-10%  beta  phase.  Typical  cast  microstructures  consist  of  alpha 
platelets  separated  by  thin  beta  lathes  or  ribs  (Figure  5).  The  alpha 
platelets  are  transformation  products  of  the  beta  phase  when  cooled  below 
the  beta  transus.  During  slow  cooling  the  alpha  platelets  grow  and 
coarsen,  and  if  cooling  rates  are  sufliciently  slow,  adjacent  platelets  may 
form  colonies  of  similarly  aligned  platelets  sharing  a  common 
crystallographic  orientation.  Larger  colonies  are  developed  by  slow  cooling 
rates  through  the  beta  transus  with  the  upper  size  boundary  for  these 
colonies  being  the  prior  beta  grain  size. 
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Titanium  castings  typically  exhibit  large  prior  beta  grains  separated 
by  continuous  grain  boundary  alpha.  The  prior  beta  grain  size  is 
determined  by  the  time  spent  in  the  beta  phase  upon  cooling,  with  longer 
times  giving  larger  grains.  During  slow  cooling  through  the  alpha  >«-  beta 
phase  field  grain  boundary  alpha  forms  on  prior  beta  grain  boundaries 
with  larger  and  more  continuous  alpha  forming  at  slower  cooling  rates. 

MDMSC  has  developed  NDI  techniques  (Reference  19)  to  correlate 
microstructural  features  of  investment  cast  titanium  to  mechanical 
properties.  Incorporation  of  metallographic  examination  of 
microstructure  as  a  reliable  NDI  method  for  determining  mechanical 
properties  rather  than  relying  solely  on  tensile  prolongations  has  several 
advantages.  There  are  many  diffictidties  in  trying  to  relate  the  properties 
of  prolongations  to  those  of  actual  cast  parts.  Prolongations  do  not 
represent  different  section  sizes  in  the  castings  and  undergo  different 
cooling  rates  than  the  actual  casting.  Different  gating  mechanisms  may 
also  be  used  for  the  prolongations  than  for  the  casting,  resulting  in 
different  solidification  rates  and  different  microstructures  and 
mechanical  properties  than  those  observed  for  the  casting. 

In  this  phase  of  the  program,  we  utilized  this  technique  to  correlate 
the  surface  microstructure  of  cast  step  plates  and  preproduction  fins  with 
their  mechanical  properties.  The  area  of  interest  was  polished  with  a 
MovipoM30  Electropolisher  using  an  electrolyte  solution  consisting  of 
perchloric  acid,  methanol,  and  butylcellosolve.  A  replica  of  the  electro- 
polished  surface  was  made  on  acetate  film  and  mounted  for  microscopy. 
Typical  photomicrographs  from  replicas  are  shown  in  Figure  12.  We 
measured  prior  beta  grain  size,  colony  size,  alpha  platelet  spacing,  and 
grain  boundary  alpha  content  of  the  cast  step  plates  and  preproduction 
fins. 


In  all  cases  the  microstructural  features  under  consideration 
increased  in  size  with  increasing  section  thickness  (Figure  13).  This  is  to 
be  expected  since  thicker  sections  cool  more  slowly  resulting  in  a  coarser 
microstructure.  Differences  in  chemistry  also  resulted  in  small  differences 
in  microstructural  feature;  however,  these  differences  were  not  significant. 
When  we  examined  the  relationship  of  the  mechanical  properties  to 
microstructural  features,  we  could  observe  no  obvious  relationship  between 
the  two  (Figure  14).  As  we  have  shown  in  Section  3.1,  the  tightened 
chemistry  and  post-casting  treatments  have  produced  parts  with  very  small 
variances  in  mechanical  properties.  The  same  is  true  for  the 
microstructural  features.  Because  of  this,  it  is  not  possible  to  correlate 
strength  directly  with  microstructural  feature  in  this  thickness  range  (0.1 
inch  -  1.0  inch).  Maximum  sizes  for  the  microstructural  features 
measured  can  be  specified  for  this  narrow  range  of  mechanical  properties 
(Table  6).  This  data  will  be  incorporated  into  the  specification  for  Ti-6A1-4V 
castings.  However,  more  work  is  needed  with  sections  thicker  than  1  inch 
and  with  parts  that  do  not  meet  the  more  restrictive  processing  to 
determine  whether  these  maxima  are  unique  to  our  castings 
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FIGURE  12.  TYPICAL  PHOTOMICROGRAPHS  OF  REPLICAS  TAKEN 
FROM  TI-6AL.4V  CASTINGS 
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FIGURE  14.  SIZES  OF  THE  MICROSTRUCTURAL  FEATURES  VARY 
LITTLE  OVER  THE  NARROW  PROPRTY  RANGE  SEEN  IN 
THESE  CASTINGS 


TABLE  6.  MICROSTRUCTURAL  FEATURES  •  MAXIMUM  LIMITS 
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informatioii  to  doaiin  lainfanom  andfht  airframa  atnicturaa,  optimiia 
matariala  aalaelion  for  thalr  producta,  and  to  inform  aoppliara  of  tha 
prttorrad  practioaa  naadad  to  dalivar  parta  with  oonaiatant  propartiaa. 
Thaia  ara  cum  itly  $  public  apadfleationa  that  ara  uaad  for  procuramant 
of  titanium  caatinga:  Aw  4986,  MSB  4991,  and  MIL-T-81916  (Rafonanoaa 
20*22).  Spadficationa  AMS  4986  and  AMS  4991  oovar  Ti'6Al*4V  c^nga 
and  tanaila  propartiaa  for  aaparatdy  caat  apadmana,  prolongationa,  or 
apadmana  from  eaatinga.  MILrT-81916  oovara  caat  Ti-8A1*4V  aa  wall  aa 
commardally  pura  tit^um,  Ti*6Al*2.6Sn,  and  Ti*8Al*28n*4Zr-2Mo  and 
containa  pn^^aa  for  tanaila  apadmana  cut  from  eaatinga.  Thara  ia  aome 
variability  in  tha  minimum  propartiaa  that  ara  q)ad6ad  in  aach  of  thaaa 
documanta.  Varioua  radiographic  gradaa  ara  alao  apadfiad  in  the 
diiTarant  apadfleationa.  In*houaa  eompanv  apadfleationa  ara  oftan  uaad  to 
proctira  Ti-6A1-4V  eaatinga.  While  many  iiava  tha  aama  chamiatry 
raquiramanta  aa  found  in  tha  public  apadfleationa,  they  may  contdn 
providona  not  contained  in  tha  public  apadfleationa,  aueh  aa  tha 
paramatara  for  hot  iaoatatic  praaaing. 

Under  thia  phaaa  of  tha  propoaad  program,  wa  praparad  a  more 
comprahanaiva  atringant  apadfleation  for  Ti*6Al>4V  caatiim  uaing 
chamical  limita  and  poat>caating  treatment  aatabliahad  in  our  Taguchi 
analyda  and  NDI  criteria.  Tha  apadfleation  waa  drafrad  in  aocoraanca 
urith  AMS  guidalinaa  (Rafaranoa  28).  Wa  parformad  both  "F"  ratio  of 
variance  analyda  and  "t"  teat  for  oompariaon  of  maana  (Rafaranca  18)  on 
data  aata  rapraaanting  both  dtamiatriaa  "A”  and  ’‘B". 

Our  findinga  indicated  that  parta  produced  from  thaaa  two 
chamiatriaa  did  not  diflTar  dgniflcantly  with  raapaet  to  thdr  average 
atrangtha  and  that  tha  variability  waa  not  dgniflcantly  different.  Wa  Hated 
Chamiatry  "B"  in  tha  apadfleation  dnea  it  waa  laaa  rMtiictiva  than 
Chamiatry  "A".  Combining  data  from  parta  udng  both  chamiatriaa 
raaultad  in  a  population  with  a  atandard  deviation  of  2  kd.  Tha  poat* 
caating  conditiona  called  out  in  tha  apadfleation  ara  HIP  at  1660*F/16  kai/2 
houra  and  annealing  at  1660*’F/2  houra.  Uaing  data  from  atop  plataa  and 
praproduction  flna,  wa  determined  tha  praliminaiy  ''S"*bada  allowablaa  to 
M  Fttt«  126  kd  and  ?tym  120  kd.  Wa  indudad  tha  NDI  criteria  Hating  tha 
maximum  coaraaneaa  for  tha  microatructural  faaturaa  maaaurad  (Table  6, 
Section  3.2).  A  copy  of  tha  AMS  madfleation  ia  included  aa  Append  B. 
Tha  AMS  apadfleation  shown  in  Appendix  B  is  a  draft  apadfleation  and 
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may  not  roiemble  the  final  copy.  Featuree  of  the  new  epedficataon  are 
compared  with  oorresponding  items  in  the  current  public  specificatione  in 
Table?. 


TABLE  7.  COMPARISON  OF  FEATURES  OF  SPECIFICATIONS  FOR 

CAST  TI-6AL-4V 


AM84986 

— wwgicor'" 

BPECmCATION 

^URKBRT 
BABBUNB 
(CARBON  aO-Oe) 

IAIiIaBMILp'/* 
Sieu  EXCEPT 
CARBON -0.1 

BAMEASMIL-T* 
81816  EXCEPT 
CARBON -0.1 

THAN  BASELINE  FOR 
ALL  ELEMENTS 

TPBnnBoT" 

166<rP/8-«HR 

ANNEAL  1800*. 
i66o*F/amiR 

fMi  li  ifT.TTia  ;fM 

W1W5*P7 - 

1BK8I/9HR 

QUAUTT 

RADIOORAPHIC 

PBRABHiBlH 

(ORAOMAJ.O 

RADIOORAPHIC 
PER  AMS  8666 

RADIOORAPHICr 
PER  AMB  8686 
(ORADBB 

A3CJ)) 

IN8PBGTION 

SEP.  CAST  BAM 
•  PROLONOATION8 
•PARTB 
OB8IONATBD 
NONDB8IONATED 

N/A 

N/A 

186  KBI 

126  K8I 

180  K8I 

180  K81 

180  KBI 

188  K81 

180  KBI 

180  KBI 

130  KBI 

187  KSI 

N/A 

N/A 

186  KBI 

126  KBI 
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SBCnONS 


"A"  AND  "B"  ALLOWABLES 


6.1  ALLOWABLES  DETERMINATION 


UMng  tha  ehainittty  tad  poatsmatint  traatmaota  idantiflad  in  Phaaa  I 
of  thia  pgrogram,  2  rappUara  wara  to  ivoduoa  anough  fina  to  aataUiah  a 
data  biUM  that  would  an  aoeurata  raiaaaantation  of  tba  actual  matarial 
IMopaitiaa.  Elgura  16  ahowa  tha  produdion  run  firom  SuppUar  2.  In 
daaigning  our  taat  program,  wo  um  critaria  praaantad  in  MlL-HDBK-6 
(Rafaranoe  18)  to  inaura  that  auppcnting  data  would  moat  tha  raquiramanta 
for  "A"  and  ”B"  allowablaa.  Spadfleally,  wa  oonduetad  mora  than  100  taata 
rapraaanting  12  lota  of  caatin^  from  two  auppliara.  Ona  of  tha  original 
auppllara  (^ppliar  1)  waa  unabla  to  produca  parta  to  tha  original 
con&tiona  ap^flad.  Thay  annaalad  thair  parta  for  an  additional  2  ho*ira 
than  apadfl^  to  lowar  tha  hydrogen  content  to  tha  apaeified  laval.  Wa 
choaa  not  to  uaa  thaaa  caati^  for  tha  original  datarmination  of  “A"  and 
"B"  allowablaa,  but  wa  did  maaaura  propwtiaa  for  compariaon  and 
aaaaaamant  of  combinability  with  tha  aatabliahad  data  baaa.  Since  there 
waa  a  raquiramant  to  ganarata  tha  data  baaa  uaing  parta  from  two 
auppliara,  wa  ware  able  to  meat  thia  ra^ramant  V  uaing  aurplua 
MDMSC  ftna  caat  by  a  third  auppliar.  Thaaa  parta  wara  atatieuly  caat.  had 
tha  aama  conAguration  aa  tha  program  Ana,  and  mat  tha  tha  chamical  and 
poat>^ting  raquiramanta  davalopad  in  Phaaa  I  of  tha  program. 

Upon  raoaipt  of  tha  Ana,  MDMSC  oonduetad  matallographic  NDI 
uaing  tha  method  daacribad  in  Phaaa  II.  Tha  araaa  axaminad  wara  thoaa 
from  which  tha  taat  apacimana  ware  axciaad  (Pigura  8).  Room 
tamparatura  tandla  t^ng  of  thaaa  apacimana  waa  parformad  in 
accordance  with  A8TM  B8  (Rafaranoe  16).  Compraaaion,  bearing,  and 
ahaar  apacimana  wara  alao  axciaad  from  thaaa  araaa  of  tha  Ana  to  provide 
data  for  reduced  ratioa.  Tha  raw  data  ia  liatad  in  Appendix  D. 

Once  data  waa  xaUiarad,  wa  computed  "A"  and  "B"  daaign  allowablaa 
uaing  aoAwara  provided  by  the  Boeing  Corporation  (Rafaranca  24).  Tha 
method  of  computation  ucaa  tha  Waibull  approach  and  datarminaa 
population  dia^bution  uaing  tha  Andaraon>Darling  taat  for  Waibullnaaa. 
Thia  taat  datarminaa  whether  tha  taat  data  can  be  approximated  uaing  a 
thraa^parametar  Waibull  curve.  Tha  aoftwara  caleulataa  "A"  and  "B” 
allowablaa  uaing  both  normal  and  non*normal  diatribution  function. 
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FIGUKK  15.  PRODUCTION  FINS  FROM  SUPPLIER  2 


Wc  performed  the  "F"  ratio  tent  for  analysis  of  variance  and  "t"  test  for 
analysis  of  means  (Reference  18)  to  determine  whether  the  fins  produced 
by  Suppliers  2  and  5  represente*  the  same  population  The  results  of  these 
tests  showed  that  both  the  variances  and  means  were  representative  of  the 
same  population  and  that  the  data  could  be  combined.  The  complete 
results  of  the  data  analysis  arc  contained  in  Appendix  D. 

A  summary  of  the  allowables  determination  from  the  production  fins 
from  Suppliers  2  and  3  is  shown  in  Table  8.  'I’he  analysis  reveals  that  the 
data  obtained  for  the  fins  from  these  two  suppliers  fit  a  normal 
distribution.  However,  the  hypothesis  of  Weibullncss  was  rejected  for  the 
tensile  strength  hut  not  for  yield  strength  The  "A  and  B "  allowables  arc 
compared  to  "S -basis  values  listed  in  MIL-T-SlPlf)  and  allowables 
determined  by  Douglas  Aircraft  for  the  C-17  program  (Reference  26)  The 
(M7  cfistings  were  supplied  to  AMS  4985  in  the  hot  isosiatically  pressed 
and  annealed  condition 
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TABLE  8.  "A”  AND  "B"  ALLOWABLES 


X 

120 

NORMAL 

121 

DAC 

109 

B 

123 

123 

DAC 

116 

S 

MIL.T-81916 

115 

We  tested  10  tensile  specimens  from  2  Hns  cast  by  Supplier  1.  These 
Ans  met  the  chemistry  requirements,  but  did  not  meet  the  post-casting 
conditions  since  they  had  been  annexed  for  4  hours  rather  than  the 
specified  2  hours.  The  mean  tensile  strength  and  yield  strength  are  3-6  ksi 
lower  than  corresponding  properties  for  Suppliers  2  and  3.  The  "F"  ratio 
and  the  "t"  tests  showed  that  the  fins  produced  by  Supplier  1  could  not  be 
considered  part  of  the  same  population  as  those  produced  by  Suppliers  2 
and  3.  The  differences  in  the  data  from  parts  produced  by  Supplier  1  could 
be  due  to  the  additional  annealing  time.  Coarsening  of  the  microstructure 
could  bring  about  the  lower  properties  in  these  parts.  Another  reason  for 
the  difference  could  be  that  these  parts  were  centrifugally  cast  rather  than 
statically  cast  as  those  produced  by  Suppliers  2  and  3. 


5.2  REDUCED  RATIOS 


Direct  computation  is  the  desired  method  for  determining  derived 
properties  such  as  bearing,  shear,  compression,  and  tensile  properties  in 
directions  other  than  the  original  test  direction.  Because  obtaining 
sufficient  data  for  these  properties  is  costly,  a  method  of  indirect 
computation  to  determine  these  values  is  used.  This  method  utilizes 
pairing  of  individual  ultimate  shear  or  bearing  values  with  ultimate 
tensile  strengths.  Compression  and  bearing  yield  strengths  are  paired 
with  tensile  yield  stren^h.  The  basis  for  this  computation  is  that  the 
mean  ratio  of  these  paired  observations  represents  the  ratio  of 
corresponding  population  means.  In  the  ratios,  the  tensile  strength  or  the 
tensile  ultimate  strength  appears  in  the  denominator. 

We  determined  reduced  ratios  for  Ti-6A1-4V  castings  by  testing  three 
compression,  bearing  and  shear  specimens  from  the  fins.  The 
corresponding  data  are  shown  in  Table  9  and  compared  to  those 
determined  by  Douglas  Aircraft  (Reference  25)  and  by  the  MIL-HDBK-5 
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Coordination  Committee  (Reference  26).  Tested  specimens  are  shown  in 
Figure  16. 


TABLE  9.  REDUCED  RATIOS  FOR  TI-6AL-4V  CASTINGS 


PROPERTY 

MDMSC  1 

DAC  1 

BaL-HDBK-S  1 

VALUE 

(KSI) 

VALUE 

(KSD 

OKW)* 

CTS 

FYS 

0.999 

120 

1.069 

114 

■Hi 

122 

SIIR 

FUS 

0.687 

86 

0.694 

82 

0.695 

83 

BYS 

FYS 

■Hi 

181 

1.561 

169 

1.562 

180 

BUS 

FUS 

1.701 

1.636 

193 

wm 

196 

^Determined  from  "S^-basia  values  in  MIL-T-81915;  Fty  s  IIS  ksi;  Ftu  =  120  ksi 


A  stunmary  of  the  data  is  presented  in  MIL-HDBK-5  format  in 
Fi^re  17.  Since  the  allowables  determined  were  the  same  as  those 
estimated  from  the  preproduction  parts,  there  were  no  changes  to  the 
specification. 

6.3  NONDESTRUCTIVE  INSPECTION 


Microstructural  features  were  measured  as  described  in  Section  3 
and  the  data  verified  the  previous  findings.  There  was  only  one  minor 
change  to  the  maximum  limits;  the  maximum  prior  beta  grain  size 
chanj^  from  0.67  inch  to  0.60  inch.  This  change  was  incorporated  into  the 
specification. 
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COMPRESSION 


BEARING 


SHEAR 


FIGURE  16.  COMPRESSION,  BEARING.  AND  SHEAR  SPECIMENS 
FROM  TI-6AL-4V  CASTINGS 
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Mechanical  &  Physical  Properties  For 
TI-64,  Investment  Cast 


Specification 


Form 

Investment  Cast 

Temper 

Thickness,  or 

diameter,  in 

Bads 

Typical 

B 

A 

p?a  Tnfw  B 

ksi 

131 

128 

126 

/'Vy.kd 

126 

123 

120 

Fey,  kd 

122 

Faut  kd 

83 

Fbrut  kd 

180 

Fb/y.kd 

196 

e,  percent 

5.5 

i^,k8i*inl^2 

E,103kd 

17 

Ec,  103ksi 
G,  lO^ksi 
m 

^bysical  Woperties: 
w,  Ibs/in 
C,  Bt\i/lb*F 
K,  Btu/hr»ft*F 
o,  10'®in/in.F 


Data  source:  Cast  fins  and  step  plates 
Number  of  spedmens:  116 


FIGURE  17.  SUMMARY  OP  ALLOWABLES  FOB  CAST  TI-fiAL-dV 
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SBCnONS 


DAMAGE  TOLERANCE 


In  Phase  V,  MDMSC  oonducted  damage  tolerance  teats  to  generate 
plane^train  fracture  toughness  and  constant  amplitude  crack  growth 
data  per  A8TM  methods.  AU  test  data  for  the  fimcture  mechanics  work  is 
contained  in  Appendix  E. 

MILrA-87221  defines  durability  and  damage  tolerance  anal3r8i8 
requirements  for  aircraft  structures  (Reference  27).  In  the  damage 
tolerance  analysis  of  wrought  idloys.  the  presence  of  a  flaw  is  assumed  to 
account  for  defects  that  may  arise  in  critiad  areas  of  parts  during 
manufacturing.  In  castings  there  are  inherent  flaws  due  to 
microporosities,  microshrinkage,  or  contaminants.  There  is  a  lack  of 
damage  tolerance  data  that  tedces  into  consideration  these  casting  flaws 
and  the  effects  of  the  microstnutural  fractures  on  damage  tolerance.  This 
lack  of  data  prevents  widespread  use  of  castings  for  fatigue-critical  aircraft 
applications.  In  titanium  castingB,  many  of  tlm  flaws  t^t  occur  as  a 
result  of  the  casting  process  are  ’healed”  hy  hot  isostatic  pressing  and  thus 
are  not  conunonly  found.  The  peifonnance  of  titanium  castings  is 
dominated  by  the  unique  cast  microstructure.  The  typical  as-cast  titanium 
microstructure  consists  of  beta  grains  that  grow  during  slow  cooling 
through  the  beta  phase  field  (Figure  5).  Larger  beta  grains  are  associated 
with  improved  fotigue  crack  growth.  Alpha  phase  is  located  along  the  beta 
grain  boundaries,  and  alpha  plate  colonies  are  located  within  the  beta 
grains.  Both  groin  boundary  alpha  and  the  alpha  colonies  have  been 
shown  to  reduce  fatigue  life,  crack  initiation,  and  crack  growth  properties 
(Reference  28).  Hot  isostatic  pressing  will  result  in  some  coarsening  of  the 
alpha  platelets  leading  to  a  lower  fatigue  strength  but  a  higher  fracture 
toughness. 


6.1  FRACTURE  TOUGHNESS 


In  this  phase  we  excised  (per  ASTM  E399)  3  C(T)  compact  tension 
specimens  for  Kic  determination  and  3  SE(B)  bend  fracture  toughness 
specimens  (Figure  18)  from  the  cast  Ti-6A1-4V  fins  fabricated  by  Supplier 
2.  The  <!)(T)  specimens  were  precracked  under  the  conditions  shown  in 
Table  9  and  tested  at  76*’F  (Reference  29).  The  results  of  the  tests  are  shown 
in  Table  10.  Tests  were  considered  invalid  due  to  the  thinness  of  the 
specimens  which  made  the  existence  of  plane-strain  conditions 
questionable.  However,  the  results  of  the  testing  of  the  compact 
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02 

2H0LE8 


BENDSPEOMEN 


NOTE:  Aa  DIMENSIONS  N  INCHES.  ORAWMQ  NOT  TO  SCALE 


FIGURE  18.  COMPACT  TENSION  SPECIMENS  AND  BEND 

SPECIMENS  USED  FOR  FRACTURE  TOUGHNESS 
ASSESSMENT 
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TABLE  10.  FRACTURE  TOUGHNESS  TESTS 


Hi 

H 

im 

juju 

ijumi 

4AA-01 

COMPACT 

TENSION 

0.1 

13.6 

133080 

70.6 

INVALID 

4AC-01 

COMPACT 

TENSION 

0.1 

13.8 

276730 

66.8 

INVALID 

4G-02 

12.2 

181460 

70.0 

4T-01 

BEND 

0.1 

18.0 

947000 

48.3 

INVALID 

4P-02 

BEND 

0.1 

17.1 

48.3 

Invalid 

4G-07 

BEND 

0.1 

17.1 

351000 

46.6 

INVALID 

tension  specimens  fall  in  line  with  literature  values  for  Ti-6A1-4V  castings 
(Figure  19)  although  values  as  low  as  40  k8i<*-in  have  been  reported 
(References  30,31).  The  bend  data  may  represent  more  of  a  threshold  value 
that  is  closer  to  the  plane-strain  condition.  As  conditions  approach  plane- 
stress,  values  of  fracture  toughness  increase  to  those  seen  in  the  compact 
tension  specimens.  Testing  of  thicker  specimens  is  recommended  in  order 
to  provide  valid  test  results. 


FIGURE  19.  FRACTURE  TOUGHNESS  DATA  FROM  THE  COMPACT 
TENSION  SPECIMENS  ARE  COMPARABLE  TO  LITERATURE  VALUES 
(REFERENCE  9) 
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R*Curve  meaturements  were  also  made  per  ASTM  E561  (Reference 
33)  for  the  3  compact  tension  specimens  listed  in  Table  10.  The  results  are 
shown  in  Table  11.  These  measurements  present  the  resistance  to  the 
crack  propagation  (Kr)  as  a  function  of  crack  extension  beyond  the 
initiation  phase  and  is  the  maximum  K  level  in  the  test.  In  order  for 
these  results  to  be  considered  valid,  the  length  of  the  uncracked  ligament 
must  be  at  least  as  great  as  (4/pXKniax^^^*l'Y)2  which  is  proportional  to  the 
size  of  the  maximum  expected  plastic  zone.  For  all  3  compact  tension 
specimens  tested,  the  length  of  the  uncracked  ligament  was  less  than 
(4/pXKinas/FTY)2.  Therefore,  all  tests  were  considered  invalid. 


TABLE  11.  R-CURVE  MEASUREMENTS 


(K81'  . 

KMAX 

(K8IVIN) 

LIGAMENT 
LENGTH  (IN) 

rrri  i^m 

122.7 

140.9 

0.3957 

1.7662 

INVALID 

112.7 

0.4118 

1.1230 

118.6 

126.0 

03989 

13816 

INVALID  1 

6.2  FATIGUE  CRACK  GROWTH 


Just  as  Kjc  is  important  in  determining  loads  that  a  structural 
member  can  carry  in  the  presence  of  a  flaw,  it  is  also  important  to  estimate 
the  total  operating  life  of  components  subjected  to  cyclic  loading  (i.e., 
fatigue)  conditions.  Generally,  fatigue  crack  propagation  behavior  in 
titanium  alloys  parallels  that  for  fracture  toughness.  As  discussed  in  the 
beginning  of  this  section,  the  cast  titanium  microstructure  exerts  a  strong 
influence  over  fatigue  behavior.  Larger  beta  grains  and  alpha  colonies 
wiU  increase  fatigue  crack  propagation  resistance  but  degrade  low-  and 
high-cycle  fatigue  strength.  The  presence  of  grain  boundary  alpha  is 
detrimental  to  fatigue  crack  initiation. 

We  excised  3  fatigue  crack  growth  specimens  (Figure  20)  from  cast  Ti- 
6A1-4V  fins  and  tested  these  compact  tension  specimens  at  76**F  in 
accordance  with  ASTM  E647  (Reference  34)  using  a  stress  ratio  (i.e.,  the 
ratio  of  minimum  cyclic  stress  to  maximum  cyclic  stress)  of  0.1.  The 
fatigue  specimen  precracking  conditions  are  shown  in  Table  12.  The 
fatigue  crack  gro^h  rate  as  a  function  of  stress  intensity  factor  for  all 
three  specimens  is  shown  in  Figure  21.  The  curves  agree  with  literature 
curves  for  Ti-6A1-4V  with  lower  oxygen  content  (Figure  22),  and  all  3  were 
shown  to  be  valid.  There  is  minimal  scatter  in  the  data  among  the  3 
specimens,  presumably  a  result  of  the  tight  control  over  the  chemistry. 
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Cunret  thowing  the  crack  growth  vtrtos  oonitont-amplitadt  itraM  cydM 
for  all  thraa  ipeehiiona  are  ahown  in  Figure  28.  Grade  length 
meaauremante  aa  well  ae  other  test  procures  can  produce  raiiabili^  in 
test  results. 
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NOTE:  ALL  DIMENSIONS  IN  INCHES.  DRAWING  NOT  TO  SCALE. 


FIGURE  20.  FATIGUE  CRACK  GROWTH  SPECIMEN 


TABLE.  12  FATIGUE  CRACK  GROWTH  CONDITIONS 


Delta  K  (KSX  t/I9} 


HGURB  21.  FATIGUE  CRACK  GROWTH  RATE  AS  A  FUNCTION  OF 
STRESS  INTENSITY  FACTOR  FOR  ALL  THREE 
SPECIMENS  TESTED 


FiigiM  Crack 


10  20  40  <010100 


SUMS-mtanttiiy  Faeior  Rang#.  OK.  MPi  x 

R>  0.02: 10  Hz:  Air.  Argon  and  JP4  Environmania  PooM: 
Avorago  of  8bi  Taata  Par  Trand  Una. 


FIGURE  22.  COMPARISON  OP  FATIGUE  CRACK  GROWTH  WITH 
LITERATURE  CITATIONS  CREFERENCE  32) 


38 


0.8«0 


39 


SECTION? 


CONCLUSIONS  AND  RECOMMENDATIONS 


In  thif  program  wo  ittooetoftilly  roducod  tho  voriabUi^  of 
moduinieal  proportiot  of  TI*dAl*4V  cnatingt  by  oppUcntion  or  a  mort 
roatrictiot  moinical  compooition  and  poat^uting  traatmant  Tbauaaof 
Tagttdii  mathodi  in  datmnnining  tbaaa  eonditiona  proridad  an  ot||«oti¥a 
maana  of  analysing  thaaa  paramatara.  Wa  damomitaatad  that  tha  more 
raatiieliva  diamiateiaa  and  poat-caating  traatmMita  eould  ba  mat  in  a 
produodmk  flMility  by  mora  than  ona  att|qi>liar  in  lha  prodnctiim  of  atap 
plataa  and  miaaila  fuu.  A  data  baaa  waa  davalopad  using  thaaa  parts  that 
paxmittad  tha  aatabliahmant  of  maaningftd  "A"  and  "B”  daaign  allowablaa 
for  invaatmant  cast  TI-gAl-4V.  A  now  AMS  spadlleatioo  waa  writtan  to 
providabattar  control  of  tha  proeaaa.  This  apacillcation  ineonoratad  tha 
more  raatridiva  chamiatry  and  poat*eaatlng  traatmant  induding  hot 
iaoatatie  praaaing,  tho  now  allowablaa,  and  eritaria  for  ncmdaatnietiva 
tasting  using  maaauromanta  of  microatnictural  faaturaa.  limitad  fracture 
maehanica  tasting  waa  parformad  that  indicatad  that  thaaa  caatinga  had 
fracture  tougbnaaa  and  fotigua  comparable  to  currant  cast  and  wrought  Ti« 
6A14V.  Wmla  this  promm  accomplished  the  goals  that  it  sat  out  to 
achiava,  thara  are  still  isauas  that  remain  to  ba  reaolvad. 

Ona  raconunandation  is  to  increaaa  tha  data  baaa  by  using  tha  now 
apadftcation  to  cast  other  part  geomatriaa  and  thicknaasaa.  Tma  would 
allow  varifleation  and/or  expansion  of  tha  currant  data  baaa.  Since  wa 
found  that  thara  waa  a  vary  low  variability  in  the  range  of  thicknaasaa  and 
section  sisaa  invaadgatad  under  this  *  ram,  there  naada  to  ba  mora  data 
to  detannina  tha  aflacta  of  easting  thlc«.ar  aactiona  on  the  mechanical 
propartiaa  and  tha  microatnictural  features.  The  fracture  mechanics  woric 
raquiraa  additional  testing  of  thicker  specimens  to  provide  maaningftil 
data. 


Wa  also  need  to  detannina  tha  actual  Impact  of  producing  parts  in 
accordance  with  tha  new  spedffcation  on  tha  coat  of  tha  parts,  ^though 
tha  suppliers  provided  inputs  to  guide  ua  in  selection  of  ^amist^  and  post* 
casting  traatmant  that  would  ba  producible,  there  are  no  actual  (uta  on  tha 
coat  imnacta  of  thaaa  mora  restrictive  parameters  on  production  parts. 
Related  to  this,  we  need  to  also  determine  what  the  availability  of  this 
material  would  be  and  any  cost  impact  due  to  availability  iaauaa. 

Other  aspects  of  processing  need  to  ba  evaluated.  Onty  statically  cast 
parts  ware  available  for  the  data  base  development  Cantriftigally  cast  parte 
as  well  ae  those  produced  using  rammed  graphite  need  to  ba  investigated. 
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The  infliunoe  of  othor  parameters  such  as  mold  temperature,  weld  repair, 
and  alternate  heat  treatment  parameters  also  require  additional  study. 

Finally,  we  need  to  wly  these  methods  to  other  alloys  that  are  being 
considered  for  use  as  castings.  While  these  methods  can  be  applied  to 
currently  available  alloys,  they  should  also  be  used  in  the  development  of 
new  alloys. 
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APPENDIX  A 


CONTROL  OF  VARIABILITY 
TAGUCHI  ANALYSIS 


This  appendix  contains  the  rationale  and  methodology  used  in 
application  of  Taguchi  methods  in  reduction  of  variability  in  Ti-6A1-4V 
castings.  The  problem  to  be  solved  was  the  tightening  of  chemistry  and 
post*casting  treatment  to  produce  parts  with  minimal  variability  in 
mechanical  properties.  The  information  presented  in  this  section 
presumes  some  knowledge  of  the  design  of  experiments  and  will  not 
include  a  discusidon  of  the  basics  of  Taguchi  techniques.  A  bibliography  is 
listed  at  the  end  of  this  section  for  the  benefit  of  the  reader. 


A.l  CHEMICAL  VARIABILITY 

A  data  set,  provided  by  the  Boeing  Corporation  (Reference  8),  was  the 
basis  of  the  analysis  of  the  effect  of  composition  on  the  variability  of 
mechanical  properties  in  Ti*6Al*4V  castings.  This  data  set  consisted  of  943 
data  points  representing  43  heats  of  material.  A  summary  of  the  data  was 
shown  in  Figure  Al.  We  confined  our  analysis  to  the  use  of  Lg  matrices  to 
simplify  our  analysis.  Oxygen,  nitrogen,  and  hydrogen  were  analyzed  in 
one  matrix,  and  carbon,  iron,  and  aluminum  or  vanadium  in  another. 

The  first  step  in  our  analysis  was  defining  two  levels  of  composition 
for  each  element.  This  was  accomplished  by  plotting  the  cumulative 
frequency  as  a  function  of  concentration  for  each  element  and  looking  for 
natural  breaks  in  the  data  to  define  a  "high”  and  "low"  level  for  each 
element.  With  hydrogen,  iron,  and  carbon,  the  levels  were  easily  identified. 
With  nitrogen  and  oxygen,  there  were  no  natural  breaks  in  the  frequency 
distributions,  and  we  assigned  levels  where  60%  of  the  population  fell  on 
either  side  of  the  dividing  value.  We  found  from  our  frequency  plots  that 
both  vanadium  and  aluminum  were  fairly  tightly  controlled.  Suppliers  had 
indicated  to  us  that  vanadium  is  very  rigidly  controlled  because  of  its  high 
cost. 


Once  the  levels  were  defined,  Lg  orthogonal  arrays  were  designed. 
The  matrices  and  preliminary  data  are  shown  for  both  the  tensile  strength 
(Figures  A2  and  A3)  and  yield  strength  (Figures  A4  and  A5).  The  Taguchi 
loss  function  used  was  "nominal  is  l^st"  since  we  were  trying  to  produce 
parts  with  strengths  as  close  to  a  nominal  value  as  possible.  In  the 
analysis,  we  used  a  Taguchi  metric  known  as  the  signal*to-noise  (S/N) 
ratio.  The  S/N  ratio  relates  the  magnitude  of  the  response  data  (signal)  to 
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FIGURE  Al.  BOBINQ  DATA  SET  •  MECHANICAL  PROPEimES  OF  CAST  Tl-6Ah-4V  ELEVON  HOUSINGS 


FIGURE  A4.  YIELD  STRENGTH  -  L«  ORTHOGONAL  ARRAY  FOR  OXYGEN.  HYDROGEN.  AND 
NITROGEN 


the  magnitude  of  the  standard  deviation  of  the  response  data  (noise).  For  a 
nominal  is  best  characteristic,  the  signal-to-noise  ratio  is  defined 
generically  as: 

S/N  ■  10  Logio  ((True  Average)2/(True  Standard  Deviation)^). 


The  resulting  main  effects  from  Uie  analyses  are  shown  in  Figures 
A6  and  A7  for  the  tensile  strength  and  Figures  A8  and  A9  for  yield 
strength.  These  graphs  show  tl^t  both  oxygen  and  nitrogen  have  the 
strongest  influence  on  the  tensile  and  yield  strengths  within  the  range  of 
values  identified  for  this  data  set.  All  of  the  other  elements  had  showed 
little  effect  on  the  strength  of  the  castings  in  the  ranges  defined.  The 
signal-to-noise  ratios  for  all  except  carbon  decreased  with  increasing 
concentration. 

The  interactions  are  shown  in  Figures  A10-A12.  The  interactions 
shown  agree  with  known  effects  of  the  different  alloying  elements.  For 
instance,  if  there  are  2  elements  that  are  both  alpha  stabilizers,  no 
interaction  is  shown  (i.e.,  the  interaction  lines  do  not  intersect).  If  the 
elements  being  compared  have  opposite  effects  (e.g.,  oxygen  s  alpha 
stabilizer  and  hydrogen  =  beta  stabilizer),  an  interaction  is  indicated  with 
intersecting  lines.  *^0  point  of  intersection  defines  the  levels  where  the 
intersection  is  strongest. 

The  results  of  the  analysis  of  variance  revealed  the  contribution  of 
each  element  to  the  variability  of  the  mechanical  property  in  question.  This 
is  shown  in  Table  Al.  Since  only  60%  of  the  variability  can  be  accounted  for 
by  the  chemical  composition,  other  factors  such  as  processing  and  post¬ 
casting  treatment  are  responsible  for  the  other  40%. 


TABLE  Al  CONTRIBUTION  OF  ALLOYING  ELEMENTS  TO 
MECHANICAL  PROPERTY  VARIABILITY 


ELEMENT 

•  'iiNT'R IRI IT’iiiN  T'li  VARI ARll-iT*Y  OK* 

FTY  FTU 

Al 

1.67% 

1.62% 

C 

0.97% 

6.79% 

a 

15.08% 

21.76% 

Fe 

19.87% 

17.84% 

N 

7.65% 

4.43% 

6 

15.25% 

9.04% 

TOTAL 

60.39% 

61.48% 
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FIGURE  A6.  TENSILE  STRENGTH  -  MAIN  EFFECTS  FOR  OXYGEN.  HYDROGEN.  AND  NITROGEN 
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FIGURE  A9.  YIELD  STRENGTH  -  MAIN  EFFECTS  FOR  CARBON,  IRON,  AND  ALl 
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FIGURE  All.  TENSILE  STRENGTH  -  INTERACTIONS  FOR  CARBON,  IRON,  AND  ALUMINUM 
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FIGURE  A12.  YIELD  STRENGTH  -  INTERACTIONS  FOR  CARBON.  IRON.  AND  ALUMINUM 


A. 2  POST-CASTING  TREATMENT 


In  order  to  determine  the  effects  of  post-casting  treatment  (i.e.,  hot 
isostaUc  pressing  and  annealing)  on  the  variability  of  mechanical 
properties  of  Ti-6A1-4V  castings,  we  used  the  data  set  shown  in  Figure  A13. 
This  data  was  a  compilation  of  data  provided  to  the  Titanium  Casting  Task 
Group  by  various  sers  and  suppliers.  The  same  techniques  that  were 
used  in  the  chemical  analysis  were  employed  in  the  analysis  of  this  data 
with  the  exception  of  using  L4  arrays  (Figures  A14,  A15)  for  the  heat 
treatment  analysis.  The  results  showed  that  minimum  variance  for  tensile 
strength  is  favored  by  using  a  cold  mold  and  annealing  at  1650°F.  The 
minimum  variance  for  yield  strength  is  favored  by  using  a  cold  mold  and 
annealing  at  1300*’-1360*’F.  We  chose  to  optimize  the  process  for  tensile 
strength. 
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FIGURE  A14.  TENSILE  STRENGTH  -  L4  ARRAY  FOR  PROCESS  AND 
POST-CASTING  TREATMENT 
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APPENDIX  B 


PREPRODUCTION  PART  ANALYSIS 


This  appendix  contains  the  results  of  tension  tests  of  specimens 
excised  from  cast  Ti-6A1-4V  preproduction  fins  and  step  plates.  Data  from 
measurement  of  microstructur^  features  using  a  nondestructive 
technique  are  also  contained  in  this  section. 
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INSPECTION  DATA 


SAMPLE 


SB>021 


5B-022 
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SB-029 
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5B-0212 


40-001 


40-012 


40-013 


40-015 


SPA1 


SPA4 


SPAS 


SPA6 


SPA7 


SPAS 


SPA9 


SPA10 


SPA11 


SPA12 


4A-001 


4A-012 


4A-013 


4A-014 


4A-015 


|[XSEII 


IEE3II 

lEEHai 

\mSMl 

lEEiai 

lEE^I 

\mSM\ 

lEEmi 

\mai 

|[S^| 

IGEE3I 


lEEHI 

IGmil 

\msMi 

IKII 

IKIE 

ICE3II 

imi 


lEEEll 


IKII 

IKII 

lEKai 


3.125 


3.125 


3.125 


3.125 


4.960 


3.125 


3.020 


4.780 


6.2501 


2.600 


3.520 


2.813 


3.4401 


3.125 


3.12SI 


3.2811 


3.910 


3.125 


3.1251 


3.1251 


3.910 


PBQS  -  PRIOR  BETA  GRAIN  SIZE 


QBA  -  GRAIN  BOUNDARY  ALPHA 


AC-  ALPHA  COLONY _ 


lAPS  -  ALPHA  PLATELET  SPACING 


ADATA  IPBGSIOBA  AC  APS 


MEAN  0.044  3.1211  4.72 


STD  DEV 


N  I  17  161  171  17 


BDATA 


MEAN 


3.328 

1  4.931 

1.79' 

1.127 

2.61 

0.41. 

16 

16 

16' 

ALL  DATA 


MEAN 


STD  DEV 


N 


3.227 1 


0.8551 


32I 


66 


APPENDIX  C 


ORIGINAL  DRAFT  OF 
PROPOSED  AMS  SPECIFICATION 
FOR 

TITANIUM  ALLOY  CASTINGS,  INVESTMENT 

6AL-4V 
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APPENDIX  C 


ORIGINAL  DRAFT  OP  PROPOSED  AMS  SPECIFICATION  FOR 
TITANIUM  ALLOY  CASTINGS,  INVESTMENT  6AL-4V 


The  specification  in  this  appendix  incorporates  the  data  has  has  been 
generated  by  this  program.  This  indudM  a  more  restrictive  chemical 
composition,  new  mechanical  property  limits,  and  limits  for  a 
microstructural  nondestructive  inspection  technique.  The  specification  is 
being  reviewed  by  the  MILrHDBK-6  ad  hoe  Titanium  Casting  Task  Group 
and  will  be  submitted  to  AMS  for  review. 

This  is  a  preliminaiy  draft  of  the  proposed  AMS  specification.  It  may 
not  resemble  the  final  version. 
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TITANIUM  ALLOY  CASTINGS,  INVESTMENT 
6A1  -  4V,  Aerospace  Quality 
Annealed 


1.  SCOPE: 

1.1  Form: 

This  specification  covers  an  aerospace  quality  titanium  alloy  in  the 
form  of  investment  castings  cast  using  static  methods. 

1.2  Application: 

This  product  has  been  used  typically  for  parts  of  intricate  design 
requiring  a  combination  of  good  strength-to-weight  ratio  properties, 
and  corrosion  resistance  up  to  750*^F  (399**C),  but  usage  is  not  limited 
to  such  applications. 

2.  APPLICABLE  DOCUMENTS: 

The  following  publications  form  a  part  of  this  specification  to  the 
extent  specified  herein.  The  latest  issue  of  SAE  publications  shall 
apply.  The  applicable  issue  of  other  publications  shall  be  the  issue  in 
effect  on  the  date  of  the  purchase  order. 

2. 1  SAE  Publications: 

Available  from  SAE,  400  Commonwealth  Drive,  Warrendale,  PA 
150964)001. 

AMS  2249  Chemical  Check  Analysis  Limits,  Titanium  and 
Titanium  Alloys 

AMS  2360  Room  Temperature  Tensile  Properties  of  Castings 
AMS  2804  Identification,  Castings 
AMS  2760  Pyrometry 

2.2  ASTM  Publications: 

Available  from  ASTM,  1916  Race  Street,  Philadelphia,  PA.  19103> 
1187. 

ASTM  E  8  Tension  Testing  of  Metallic  Materials 
ASTM  E  120  Chemical  Analysis  of  Titanium  and  Titanium  Alloys 
ASTM  E  1320  Standard  Reference  Radiographs  for  Titanium 
Castings 

2.3  Government  Publications; 
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Available  from  Standardisation  Documents  Order  Desk,  Building  4D, 
700  Robbins  Avenue,  Philadelphia,  PA.  19111>5094 


MILrH'81200  Heat  Treatment  of  Titanium  and  Titanium  Alloys 

MILrST0453  Inspection,  Radiographic 

MILrSTD-2073-1  DoD  Material  Procedures  for  Development  and 

Application  of  Packaging  Requirements 
MILrSTD-6866  Inspection,  Liquid  Penetrant 
MILrSTD-2175  Castings,  Classification  and  Inspection  of 

3.  TECHNICAL  REQUIREMENTS: 

3.1  Composition: 

Castings  shall  conform  to  the  percentages  by  weight  shown  in  Table 
1,  determined  by  wet  chemical  methods  in  accordance  with  ASTM  E 
120,  by  spectrochemical  methods,  or  by  other  analytical  methods 
acceptable  to  purchaser  (see  8.2.1): 


Table  1  -  Composition 


Element 

min 

max 

Aluminum 

5.75 

6.50 

Vanadium 

3.60 

4.50 

Iron 

— 

0.25 

Oxygen 

0.13 

0.17 

Carbon 

— 

0.07 

Nitrogen 

0.01 

0.03  (300  ppm) 

Hydrogen 

— 

0.01  (100  ppm) 

Yttrium 

— 

0.005 

Residual  elements,  each  (3.1.2) 

— 

0.10 

Residual  elements,  total  (3.1.2) 

— 

0.40 

Titanium 

remainder 

3. 1.1  Vendor  may  also  test  for  any  elements  not  listed  in  Table  1  and 
include  this  analysis  in  the  report  of  4.5.  Limits  of  acceptability  may 
be  specified  by  purchaser  (see  8.2.2). 

3.1.2  Check  Analysis:  Composition  variations  shall  meet  the 
requirements  of  AMS  2249;  no  variation  over  the  maximum  will  be 
permitted  for  yttrium. 

3.2  Melt  Practice: 

Castings  shall  be  poured  at  vendor's  facility  from  a  master  heat. 
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3.2.1  Alloy  shall  be  multiple  melted;  the  Anal  melting  cycle  shall  be  under 
vacuum.  The  Arst  melt  shall  be  made  by  consumable  electrode, 
nonconsumable  electrode,  electron  beam,  or  plasma  arc  melting 
practice.  The  subsequent  melt  or  melts  shall  be  made  using 
consumable  electrode  practice  with  no  alloy  additions  permitted  in 
the  last  consumable  electrode  melt. 

3.2.2  The  metal  for  castings  and  specimens  shall  be  melted  and  poured 
under  vacuum  without  loss  of  vacuum  between  melting  and 
pouring. 

3.2.3  Portions  of  two  or  more  qualiAed  master  heats  (see  3.4.1)  may  be 
melted  together  and  poured  into  castings  using  a  procedure 
authorized  by  purchaser.  The  two  or  more  qualiAed  master  heats, 
when  melted  together  and  poured,  shall  be  requaliAed  and  shall 
have  a  different  master  heat  number. 

3.2.4  Vendor  shall  have  a  written  procedure  acceptable  to  purchaser 
which  deAnes  the  controls,  tests,  and  traceability  criteria  for 
castings.  Control  factors  of  4.4.2.2  shall  apply.  The  written 
procedure  shall  be  only  one  used  for  the  purchaser  for  a  designated 
part  once  it  is  established  and  approved.  Changes  to  the  written 
procedure  shall  be  made  only  when  permitted  by  the  purchaser. 

3.3  Condition: 

Hot  isostatically  pressed 

3.4  Test  Specimens: 

Specimens  shall  be  machined  from  castings. 

3.4. 1  Each  master  heat  shall  be  qualiAed  by  evaluation  of  chemical  and 
tensile  property  specimens  unless  otherwise  speciAed  (see  8.2.4)  by 
purchaser. 

3.4.2  Chemical  Analysis  Specimens;  Shall  be  of  any  convenient  size  and 
shape. 

3.4.3  Tensile  Specimens:  Shall  be  of  standard  proportions  in  accordance 
with  ASTM  publications  referenced  in  3.6. 

3.5  Heat  Treatment: 

Castings  and  representative  tensile  specimens  shall  be  hot 
isostatically  pressed  in  accordance  with  3.5.1,  and  heat  treated  as 
SpeciAed  in  3.5.2.  Pyrometry  shall  be  in  accordance  with  AMS  2750. 
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3.5.1  Hot  Isostatic  Pressing:  Castings  and  specimens  shall  be  hot 
isostatically  pressed  at  15  ksi^O.S  ksi  (100  MPa  ±  3  MPa)  at  a 
temperature  of  1650°F±25^F  (899°C±14°C)  for  2  hours  and  cooled  in 
the  autoclave  to  below  800“F  (427*C). 

3.5.2  Anneal;  Heat  to  1550°F±26^F  (843®C±14®C)  for  2  hours  in  a 
vacuum. 

3.6  Properties: 

Conformance  shall  be  based  upon  testing  of  specimens  machined 
from  casting. 

3.6.1  Room  Temperature  Tensile  Properties:  Castings  one  inch  and  less 
in  thickness  shall  be  as  specified  in  Table  2  determined  in 
accordance  with  ASTM  E  8  with  the  rate  of  strain  maintained  at 
0.003*0.007  inch/inch/minute  through  the  yield  strength  and  then 
increased  so  as  to  produce  failure  in  approximately  one  additional 
minute. 


TABLE  2  -  Minimum  Tensile  Properties,  Specimens  Machined  from 

Casting 


Property 

Value 

Tensile  Strength 

125  ksi  (868  MPa) 

Yield  Strength  at  0.2%  offset 

120  ksi  (834  MPa) 

Elongation 

6.6% 

3.7  Surface  Contamination;  Castings  shall  be  free  of  any  oxygen-rich 
layer  such  as  alpha  case,  any  carbon  rich  layer,  or  other  surface 
contamination  determined  by  metallographic  examination  at  lOOX 
minimum  magnification. 

3.8  Quality:  Castings,  as  received  by  purchaser,  shall  be  uniform  in 
quality  and  condition,  sound  and  free  from  foreign  materials  and 
imperfections  detrimental  to  usage  of  the  castings. 

3.8.1. 1  Castings  shall  be  free  of  cracks,  laps,  hot  tears,  and  cold  shuts. 

3.8. 1.2  Castings  shall  not  be  exposed  to  chlorinated  solvents. 

3.8. 1.3  Castings  may  be  exposed  to  organic  halogen-bearing  compounds 
if  promptly  and  completely  removed  by  subsequent  cleaning  using 
procedures  acceptable  to  purchaser. 
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3.8.2  Acceptance  standards  for  radiographic,  fluorescent  penetrant, 
visu^,  and  oUier  inspection  methods  shall  be  as  agreed  upon  by 
purchaser  and  vendor. 

3.8.2. 1  Unless  otherwise  spedfled,  MIL-STD-2175  may  be  used  to  specify 
frequency  of  inspection  (casting  class). 

3.8.2.2  Unless  otherwise  specified,  ASTM  E  1320  may  be  used  to  specify 
radiographic  standards  (casting  grade). 

3.8.2.3  When  acceptance  standards  are  not  specified,  grade  C  of  MIL* 
STD-2175  shall  apply.  In  designated  areas,  Grade  B  is  required. 

3.8.3  Castings  shall  be  produced  under  radiographic  control.  This  control 
shall  consist  of  ra^ographic  examination  of  each  casting  part 
number  until  foundry  manufacturing  controls  in  accordance  with 
4.4.2  have  been  established.  Additional  radiography  shall  be 
conducted  in  accordance  with  the  frequency  of  inspection  specified 
by  purchaser,  or  as  necessary  to  ensure  continued  maintenance  of 
internal  quality. 

3.8.3. 1  Unless  otherwise  specified,  radiographic  inspection  shall  be 
conducted  in  accordance  with  MIL'STO*453  or  other  process 
method  specified  by  purchaser. 

3.8.4  Fluorescent  penetrant  inspection  in  accordance  with  MIL-STD* 
6866  or  other  process  method  specified  by  purchaser. 

3.8.5  Castings  shall  not  be  peened,  plugged,  impregnated,  or  welded 
unless  authorized  by  purchaser. 

3.8.5. 1  Purchaser  shall  define  critical  or  no  weld  zones. 

3.8.5.2  If  in-process  welding  of  castings  that  have  been  hot 
isostaticelly  pressed  is  authorized  by  purchaser,  castings  shall 
be  annealed  in  accordance  with  4.6.3  after  welding. 

4.0  QUALITY  ASSURANCE  PROVISIONS: 

4.1  Responsibility  for  Inspection: 

The  vendor  of  castings  shall  supply  all  samples  for  vendor's  tests  and 
shall  be  responsible  for  performing  all  required  tests.  Purchaser 
reserves  the  right  to  sample  and  perform  any  confirmatory  testing 
deemed  necessary  to  ensure  that  the  castings  conform  to  the 
requirements  of  this  specification. 

4.2  Classification  of  Tests: 
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4.2. 1  Except  ae  specified  In  4.2.2,  teste  for  composition  (3.1),  tensile 
properties  (3.6.1),  surface  contamination  (3.7),  and  quality 
requirements  (3.8)  are  acceptance  tests  and  shall  be  performed  as 
sp^fied  in  4.3. 

4.2.2  Periodic  Tests:  Tests  for  radiographic  soundness  (3.8.3)  are  periodic 
teste  and  shall  be  performed  at  a  frequency  selected  by  vendor  unless 
a  frequency  of  testing  is  specified  by  purchaser. 

4.2.3  Prs'production  Tests:  Tests  for  conformance  to  all  technical 
requirements  of  this  specification  are  pre-production  tests  and  shall 
be  performed  on  the  first-article  control  casting  (4.3.2),  when  change 
in  control  factors  (4.4.2.2)  occurs,  or  when  purchaser  deems 
confirmatory  testing  to  be  required. 

4.3  Sampling  and  Testing 

The  minimum  testing  performed  by  vendor  shall  be  in  accordance 
with  the  following: 


4.3.1  One  chemical  analysis  specimen  or  a  casting  from  each  master  heat 
shall  be  tested  for  conformance  with  Table  1.  Hydrogen,  nitrogen, 
and  oxygen  detemiinations  shall  be  obtained  on  a  lot  basis  after  all 
thermal  and  chemical  processing  are  completed. 

4.3.2  One  pre-production  casting  in  accordance  with  4.4  shall  e  tested  to 
the  requirements  of  the  casting  drawing  and  to  all  technical 
requirements  of  this  specification. 

4.3.2. 1  First  article  dimensional  inspection  sample  quantity  shall  be  as 
specified  by  purchaser. 

4  3.3  Tensile  tests  shall  be  conducted  to  determine  conformance  with 
3.6.1.  Sampling  and  test  frequency  is  dependent  upon  the  type  and 
origin  of  specimens  specified  by  purchaser. 


4.3.3. 1  At  least  one  casting  of  the  lowest  radiographic 
solectod  from  each  Tot  (see  8.2.6)  and  tested 
pressing  and  annealing  at  each  location  s 
engineering  drawing  for  conformance  with 


quality  shall  be 
afier  hot  isostatic 
hown  on  the 
3.6.1. 


4.3.3. 1.1  When  site  and  location  of  specimens  arc  not  shown,  at  least 
three  teet  specimens  shall  be  tested,  including  one  from  the 
thickest  section  and  one  from  the  thinnest  section.  Once 
established  under  4. 4. 2. 2,  test  locations  may  be  changed  only  as 
agreed  upon  hy  purchaser  and  vendor. 
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4.3.3.2  When  casting  size,  section  thickness,  gating  method,  or  other 

factors  do  not  permit  conformance  to  4.3.3. 1,  sampling  and  testing 
shall  be  as  agreed  upon  by  purchaser  and  vendor. 

4.3.4  Castings  shall  be  inspected  in  accordance  with  3.8.2. 1  to  the 
methods,  frequency,  and  acceptance  standards  specified  by 
purchaser  and  vendor. 

4.4  Approval: 

4.4.1  Sample  casting(s)  from  new  or  reworked  master  patterns  produced 
tmder  the  casting  procedure  of  4.4.2  shall  be  approved  by  purchaser 
before  castings  for  production  use  are  supplied. 

4.4.2  For  each  casting  part  number,  vendor  shall  establish  parameters  for 
process  control  factors  that  will  consistently  produce  castings  and 
test  specimens  meeting  the  requirements  of  the  casting  drawing  and 
this  specification.  These  parameters  shall  constitute  the  approved 
casting  procedure  and  shdl  be  used  for  the  production  of  subttequent 
castings.  If  it  is  necessary  to  make  any  change  to  these  parameters, 
vendor  shall  submit  a  statement  of  the  proposed  change  for 
purchaser  re-approval.  When  requested,  vendor  shall  also  submit 
test  specimens,  sample  castings,  etc.  to  purchaser  for  re-approval. 

4.4.2. 1  Production  castings  produced  prior  to  receipt  of  purchaser's 
approval  shall  be  at  the  vendor's  risk. 

4.4.2.2  Control  factors  for  producing  castings  include,  but  are  not  limited 
to,  the  factors  of  Table  3.  Supplier's  procedures  shall  identify 
tolerances,  ranges,  and/or  control  limits. 

TABLE  3  •  Control  Factors 


a.  Composition  of  ceramic  cores,  if  used 

b.  Arrangement  and  number  of  patterns  used  in  the  mold 

c.  Sits,  snaps,  and  location  of  gates  and  risers 

d.  Mold  refractory  formulation 

e.  Grain  refinement  methods 

f.  Mold  back-up  material  (weight,  thickness,  or  number  of  dips) 

g.  T^  of  Aimacs,  and  charge  for  melting 

h.  Mold  preheat  and  metal  pouring  temperatures 
i  Solidification  and  cooling  procedures 

J.  Meaning  operations  (mecnanical  and  chemical) 

k  Huat  treatment 

1  Hot  ieostatic  pressing 

m  raightenlng 

II .  i  nal  inspeouon  methods 

0.  location  of  specimens  machined  from  casting 
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4.4.2.2.1 


Any  of  the  control  factors  of  Table  3  for  which  parameters  are 
considered  proprietary  by  vendor  may  be  assigned  a  code 
designation.  Each  variation  in  such  parameters  shall  be 
assigned  a  modified  code  designation. 

4.4 .2.2. 1.1  Purchaser  shall  be  entitled  to  review  proprietary  control  factor 
details  and  coding  at  vendor's  facility. 

4.5  Reports: 

The  vendor  of  castings  shall  furnish  with  each  shipment  a  report 
showing  the  results  of  acceptance  tests  to  determine  conformance  to 
the  technical  requirements  of  this  specification.  This  report  shall 
include  the  purchase  order  number,  master  heat  identification,  heat 
treat/HIP/lot  identification,  AMS>49XXY,  part  number,  quantity,  and 
source  of  property  specimens  (see  4.3.3. 1.1). 

4.6  Resampling  and  Retesting: 

If  Uie  results  of  a  valid  test  fail  to  meet  the  requurements,  two 
additional  specimens  in  accordance  with  4.3  from  the  same  master 
heat  or  lot,  as  applicable,  shall  be  tested  for  each  nonconforming 
characteristic.  The  results  of  each  additional  test,  and  the  average  of 
the  results  of  all  tests  (original  and  retests)  shall  meet  the  specified 
requirements;  otherwise,  the  master  heat  or  lot  shall  be  rejected. 
Results  of  all  tests  shall  be  reported,  including  data  that  does  not 
meet  the  specified  requirements. 

4.6.1  A  test  may  be  declared  invalid  if  failure  is  due  to  specimen 
mispreparation,  test  equipment  malAinction,  or  improper  test 
procedure. 

4.6.2  In  addition  to  4.6.1,  a  tensile  may  be  declared  invalid  if  failure  is  due 
to  random  process  defects  such  as  inclusions  or  gas  holes. 

6.  PREPARATION  FOR  DELIVERY: 

6.1  Identification: 

Individual  castings  shall  be  identified  in  accordance  with  AMS  2804. 

6.1.1  Traceability;  Individual  castings  shall  be  traceable  to  their 
conditions  of  manufacture  ana  inspection  up  to  and  including  the 
point  of  acceptance  by  the  purrhsser. 

6.2  Packaging; 
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Castings  shall  be  prepared  for  shipment  in  accordance  with 
commercial  practice  and  in  compliance  with  applicable  rules  and 
regulations  pertaining  to  the  handling,  packaging,  and 
transportation  of  the  castings  to  ensure  carrier  acceptance  and  safe 
delivery. 

5.2.1  For  direct  U.S.  Military  procurement,  packaging  shall  be  in 
accordance  with  MILrOTD-2073-1,  Commercial  level,  unless  Level  A 
is  specified  in  the  request  for  proctirement. 

6.  ACKNOWLEDGEMENT: 

A  vendor  shall  mention  this  specification  number  and  its  revision 
letter  in  all  quotations  and  when  acknowledging  purchase  orders. 

7.  REJECTIONS: 

Castings  not  conforming  to  this  specification,  or  to  modifications 
auUiorized  by  purchaser,  will  be  subject  to  rejection. 

8.  NOTES: 

8.1  Marginal  Indicia: 

New  issue.  Not  used. 

8.2  Definitions: 

8.2.1  "Acceptable  to  purchaser":  Does  not  require  prior  written  approval 
from  purchaser,  but  allows  vendor  to  make  a  decision  and 
purchaser  the  right  to  disapprove  Uie  decision. 

8.2.2  "Purchaser":  The  cognizant  ongineering  organization  responsible 
for  casting  design  and  fitness  for  use,  or  the  designee  of  this 
engineering  organization. 

8.2.3  "Authorized  by  purchaser":  Requires  prior  written  approval  from 
the  purchaser. 

8.2.4  "Specified":  Requires  documented  instruction  from  purchaser 
through  casting  drawing,  purchase  order,  specification,  or  other 
engineering  documentation. 

8.2.6  "Agreed  upon  by  purchaser  and  vendor":  Requires  concurrence  of 
both  purchaser  and  vendor.  Such  concurrence  is  typically 
documented  bv  way  of  the  casting  drawing,  purchass  order,  or  other 
engineering  documentation, 
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8.2.6  "Lot":  For  hydrogen  testing,  and  for  room  temperature  tensile 
testing,  a  lot  shall  consist  of  all  castings  of  the  same  part  number, 
poured  from  a  single  master  heat  in  one  or  more  consecutive  melts 
(see  8.2.7)  through  a  single  furnace  campaign  of  not  longer  than 
twelve  hours  and  processed  through  each  hot  isostatic  pressing  and 
anneal  in  the  same  furnace  loads.  For  visual  and  nondestructive 
testing,  a  lot  shall  consist  of  castings  of  the  same  part  number, 
manufactured  under  the  same  process  control  parameters  of  4.4.2.2. 

8.2.7  "Melt":  All  castings  poured  from  a  single  furnace  charge.  Also 
referred  to  as  remelt,  submelt,  heat,  or  subheat. 

8.3  Dimensions  and  properties  in  inch/poimd  units  and  the  Fahrenheit 
temperatures  are  primary;  dimensions  and  properties  in  SI  units, 
and  the  Celsius  temperatures  are  shown  as  the  approximate 
equivalents  of  the  primary  units  and  are  presented  only  for 
information. 

8.4  Purchase  documents,  including  those  for  direct  U.S.  Military 
procurement,  should  specify  not  less  than  the  following: 

Title,  number,  and  date  of  this  specification 
Part  number  or  pattern  number  of  castings  desired 
Quantity  of  castings  desired 

Size  and  location  of  specimens  for  room  temperature,  elevated 
temperature  tensile  and  creep  rupture  testing  are  specified  (see 
3.4.4.2  and  3.6) 

Inspection  methods  and  acceptance  standards  (see  3.6.2) 

Level  A  packaging,  if  required  (see  6.2.1) 


Key  words:  Aerospace  Quality,  Castings,  Investment  Castings,  Precision 
Castings,  Titanium  Alloy,  Ti«6Al*4V. 


PUBPARBD  UNDER  THE  JURISDICTION  OF  AMS  COMMITTEE  0. 
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APPENDIX  D 


CAST  TI-6AL-4V  PRODUCTION  FIN  ANAL'VSIS 
MECHANICAL  PROPERTY  DATA 
MICR08TRUCTURAL  NDI  DATA 
"A"  AND  "B"  ALLOWABLE  ANALYSIS 


APPENDIX  D 


CAST  TI-6AL-4V  PRODUCTION  PIN  ANALYSIS 


This  appendix  contains  the  following  data  discussed  previously 
Section  5  of  this  report: 

D.l  Tabulated  data  for  the  cast  Ti*6Al*4V  production  fins 
D.2  Allowables  generated  using  the  Boeing  software  program 
D.3  Typical  stress-strain  curves 
D.4  Compression,  bearing,  and  shear  data 


D.l  MECHANICAL  PROPERTY  AND  MICROSTRUCTURAL  DATA 

FOR  CAST  TI-6AL^V  FINS 
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12a6  121.9  16.3 _ 10.7  0.043  3.125  5.31  1.32 

127,8  121.9  16.4 _ 93  0  035  4  160  6.56 _ 1^ 

128.S  122.5  16.3  _ 9  4  0.048  3.125  4.37  1.38 


D.2  ’‘A"  AND  “B"  ALLOWABLES  GENERATED  USING  BOEING 

SOFTWARE 


ALL  Fra  DATA 

SUPPLIERS  1,  2,  AND  3 


Sampla  Slza  ■  125  Error  Raturn  Coda  ZER  =  0 


ALLOWABLES 

3p-Walbull  Allowables 


A  a  125.112 

B  a 

127.334 

Normal  Allowables 

A  a  125.593 

B  a 

127.965 

Nonparanatric  Allowables 

A  a  ♦♦♦*♦*** 

B  s 

127.800 

Waibull  ParanaCar  EsCimatea  (3p-Weibull) 

Threshold  -  125.595  Scale  s  6.144  Shape  =  2.832 

Normal  estimates  of  1-  and  10-percentilas 
x(.Ol)  «  126.247  x(.lO)  =  128.413 

3p'Weibull  estimates  of  1-  and  lO-percentiles 
x(.Ol)  *  126.806  x(.lO)  c  128.371 

Other  Sample  Statistics 

Mean  •  131.070  Stand.  Deviation  s 

Skewness  ■  .481  Kurtosis  a 

Coaff.  of  Variation  •  .016 

Test  for  Normality 

AD  a  ,627  P-value  a  .105518  lEX  a  0 

A  P-value  lass  than  .05  is  significant  evidence  against 
the  hypothesis  of  normality  according  to  MIL-HDBK  5 

Test  for  the  3p-Waibull  Distribution 

AD  a  .637  P-value  a  .093499  lEX  a  0 

A  P-value  lass  than  .05  is  significant  evidence  against 
the  hypothesis  of  3p'Weibullness  according  to  MZL-HOBK  5 


The  13 

126.800 
127 .800 

smallest  data  values  are 

127.400  127.500  127.700 

128.100  128.100  128.100 

127.800 

128.200 

127.800 

127.800 

127.800 

The  13 

133.300 

134.600 

largest  data  values  are 

133.400  133.500  133.500 

135.400  135.800  137.900 

133.800 

138.300 

133.900 

134.100 

134.100 

2.073 

.782 
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PTD 


SUPPLIERS  2  AND  3 

Seunpls  Siz*  3  115  Error  Rotum  Cod*  XBR  •  0 


ALLOWABLES 

3p-Weibull  Allowablas 


A  -  124.970 

B  > 

128.113 

Normal  Allowables 

A  =  126.175 

B  • 

128. 4C6 

Nonparamatric  Allowables 

A  «  •**•**•• 

B  a 

128.200 

Waibull  Paranacar  Bstinatas  (3p>Waibull) 

Thrashold  a  125.686  Scala  «  6.305  Shapa  •  3.075 

Normal  astimatas  of  1*  and  10-parcantilas 
x(.Ol)  a  126.817  x(.lO)  >  128.846 

3p>WaibuIl  astimatas  of  I-  and  lO-parcantllaa 
x(.Ol)  a  127.098  x{.10)  a  128.719 

Other  Sample  Statistics 
Mean  a  131.335 
Skavmess  a  .590 
Coaff.  of  Variation  a 

Test  for  Normality 

AD  a  .668  P-valua  a  .083832  ZEX  >  0 

A  P-value  lass  than  .05  is  significant  avidanca  against 
the  hypothesis  of  normality  according  to  MZL~HDBK  5 

Test  for  the  3p>Waibull  Distribution 

AO  a  .828  P-valua  a  .030332  ZEX  -  0 

A  P-valua  lass  than  .05  is  significant  avidanca  against 
the  hypothesis  of  3p-Weibullnass  according  to  MZL-HDBK  5 


Stand.  Deviation  •  1.942 

Kurtosis  a  1.297 

.015 


The  12  smallest  data  values  are 

126.800  127.800  127.800  128.100  126.100  138.200  138.600  128.700 

128.700  128.900  128.900  129.100 


The  12  largest  data  values  are 

133.400  133.500  133.500  133.800 

135.400  135.800  137.900  138.300 


133.900  134.100  134.100  134.600 
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FTU 

SUPPLIER  2 


Sanpl*  Siz*  a  108  Error  Return  Coda  lER  •  0 


ALLOWABLES 

3p-Welbull  Allowable* 


A  a  126.190 

B  a 

128.522 

Normal  Allowables 

A  a  126.621 

B  a 

128.570 

Nonparametric  Allowables 

A  a  ******** 

B  a 

128.200 

Heibull  Parameter  Estimate*  (3p-Weibull) 

Threshold  •  126. 07S  Scale  a  5.839  Shape  a  3.346 

Normal  estimates  of  1-  and  10 -percentiles 
X(.Ol)  a  127.201  X(.IO)  a  128.968 

3p-Weibull  estimates  of  1-  and  10 -percentiles 
X(.Ol)  a  127.501  X(.IO)  a  128.953 

Other  Sample  Statistics 

Mean  •  131.137  Stand.  Deviation  a  1.692 

Skewness  •  -.065  Kurtosis  <*  -.386 

Coeff.  of  Variation  a  .013 

Test  for  Normality 

AD  a  .570  P-value  a  .139710  lEX  »  0 

A  P-value  less  than  .05  is  significant  evidence  against 
the  hypothesis  of  normality  according  to  MXL-HDBK  5 

Test  for  the  3p-W*ibull  Distribution 

AD  a  .513  P-value  a  .192532  ZEX  a  0 

A  P-value  less  than  .05  is  significant  evidence  against 
the  hypothesis  of  3p-Weibulln**s  according  to  MZL-HDBK  5 


The  12  smallest  data  values  are 

126.800  127.800  127.800  128.100  128.100  128.200  128.600  128.700 

128.700  128.900  128.900  129.100 


The  12  largest  data  values  are 

133.100  133.200  133.300  133.300  133.400  133.500  133.500  133.800 

134.100  134.100  134.600  135.800 
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ALL  PTY  DATA 

SUPPLIERS  1.  2,  AND  3 


Sanpl*  Siz*  ■  124  Error  Rotum  Cod*  XR  ■  0 


ALLOWABLES 

3p>W«ibull  Allow«bI«s 


A  a  116.963 

B  a 

121.720 

Normal  Allowablaa 

A  a  120.079 

B  a 

122.277 

Nonparamatric  Allowablaa 

X  *  •••••••• 

B  a 

121.600 

Woibull  ParaiMtor  Estimatas  (3p-Wai]auIl) 

Thrashold  «  111.922  Scala  >  14.039  Shapo  a  7.950 

Normal  aatimataa  of  1-  and  10«parcmitilaa 
x(.Ol)  s  120.688  X(.IO)  ■  122.695 

3p>Waibull  aatimataa  of  !•  and  10-parcantilaa 
X(.Ol)  a  119.793  x(.lO)  •  122.500 

Othar  Sanpla  Statiatlcs 

Maan  a  125.156  Stand.  Davlatlon  m  1.921 

Skavmaaa  a  >.431  Kurtosia  •  .396 

Coaff.  of  Variation  a  .015 

Taat  for  Normality 

AO  a  .729  P-valua  a  .060571  '  ISX  a  0 

A  P-valua  laaa  than  .05  ia  significant  avidanca  against 
tha  hypothasis  of  normality  according  to  HIL'HDBK  5 

Taat  for  tha  3p-Waibull  Distribution 

AO  a  .377  P-valua  a  .379999  ISX  a  1 

A  P-valua  lass  than  .05  ia  significant  avidanca  against 
tha  hypothasis  of  3p-Waibullnaas  according  to  NIL-HDBK  5 


Tha  13  smallast  data  valuaa  ara 


118.900 

121.900 

120.300 

122.200 

120,700 

122.500 

121.500 

122.500 

121.500 

123.500 

121.500 

131.600 

121.900 

Tha  13 

127.400 

128.200 

largaat 

127.400 

126.600 

data  valuaa  ara 

127.400  127.400 

129.000  129.200 

137.400 

130.100 

127.600 

137.700 

127.900 
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FTY 

SUPPLZBW  2  AND  3 


Sanpl*  Six*  >  114  Error  Rotum  Cod*  IIR  •  0 

ALLOWABLES 

3p-W«ibull  Allowobloa 

A  «  119.932  B  >  122. <«2 

Nontal  Allowablos 

A  •  120.925  B  •  122.880 

Nonparaaatric  Allowablas 

A  ■  *••***••  B  •  122.500 

Wolbull  ParMMtor  Eatiaatos  (3p-Waifaull) 

Thraahold  ■  118.020  Scala  ■  8.069  Shapa  >  4.903 

Normal  aatiatataa  of  1-  and  10-parcantilaa 
x(.Ol)  ■  121.490  X(.IO)  ■  123.269 

3p*Waibull  aatimataa  of  1-  and  lO-parcantllaa 
x(.Ol)  •  121.178  X(.IO)  ■  123.120 

Othar  Banpla  Statiatica 

Haan  >  125.452  Stand.  Davlation  •  1.703 

Bkawnaaa  a  -.462  Kurtoaia  «  1.550 

Coaff.  of  Variation  •  .014 

Tast  for  NoxiMlity 

AD  ■  .578  P-valua  «  .135037  ZEX  *  0 

A  P-vmlua  laaa  than  .05  ia  aignificant  avidanca  againat 
tha  hypothaaia  of  normality  according  to  MIL-HDBK  5 

Tast  for  tha  3p-Waibull  Diatribution 

AD  -  .658  P-valua  >  .082438  ZEX  -  0 

A  P'Valua  laaa  than  .05  ia  aignificant  avidanca  againat 
tha  hypothaaia  of  3p-Waibullnaaa  according  to  MZL-HOBK  5 


Th#  12  smallaat  data  valuas  ara 

118.900  120.300  122.500  122.500  122.500  122.500  123.000  123.200 

123.400  123.400  123.600  123.600 

Tha  12  largast  data  valuas  ara 

127.400  127.400  127.400  127.400  127.600  127.700  127.900  128.200 

128.600  129.000  129.200  130.100 
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FTT 

SUPPLZBR  2 


S«Bpl«  Sic*  ■  107  Error  Return  Cod*  ZER  ■  0 


ALLOWRELSS 

3p>W*ibull  AlloMmbl** 


A  •  321.854 

B  - 

323.296 

Normal  Allowables 

A  -  321.522 

B  ■ 

123.241 

Nonparamatria  Xllowables 

A  •  **••*•**  g  a 

123.200 

N«ibull  P*r*Mt*r  BatiiMt**  (3p>W*ifaull) 

Threshold  •  121. 92S  Sc«l*  ■  4.023  Shape  >  2.583 

Normal  estinetea  of  1-  and  10-perc*ntil*a 
x(.Ol)  -  122.036  x(.lO)  •  123.593 

3p>H*ifaull  eatimatea  of  1-  and  10>pere*ntll*a 
x(.Ol)  •  122.603  x<.10)  •  123.608 

Other  Saapl*  Statistic* 

Mean  «  125.503  Stand.  Deviation  •  1.490 

Skewness  •  .213  Kurtosis  •  >.037 

Coeff.  of  Variation  •  .012 

Tast  for  Normality 

AO  >  .400  P'valu*  «  .310509  ZBX  ■  1 

A  P>value  less  than  .05  is  significant  evidsne*  against 
ths  hypothasis  of  normality  according  to  NZL>HDBK  5 

Tsst  for  the  3p>1f*ibull  Distribution 

AD  -  .468  P'Valua  -  .246515  ZBX  -  0 

A  P-valu*  less  than  .05  is  significant  evidence  against 
the  hypothesis  of  3p-W*ibulln*ss  according  to  NZL-HDBK  5 


The  11  smallest  data  values  are 
123.500  122.500  132.500  123.500  132.000  133.200  123.400  123.400 

123.600  133.600  123.600 


The  11 
127.400 
128.600 


largest  data  valuss  are 

137.400  137.400  137.400 

139.200  130.100 


137.600 


127.700 


127.900  126.300 
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D.3  TYPICAL  STRESS-STRAIN  CURVES 
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4A-02S 


STRAIN  (IN/IN) 


STRAIN 


Fag*  1 


McOoanall  Oouglaa 
Raport  MO.  10M07 


Corporation 


Mino  aaaploa  of  east  tltaniuai  alloy  flna  «oro  aubnlttod  to  our 
laboratory  tor  ■aohanical  tasting.  tha  titaniun  alloy  was 
idaatifiad  as  Ti-6A1»4V.  Wa  wara  raqoaatad  to  parfom  coaprasaion« 
pin  baariag,  and  shaar  tatting  on  thasa  sasplaa.  Tha  machining  and 
tasting  was  to  ba  parformad  in  aecordanea  with  TCF-92-015. 

rnmammi 


Thcaa  of  tha  submittad  fins  wara  naehinad  to  obtain  3/8"  diamatar 
by  I*  long  spaciawns  for  eoaprastiva  yield  strength  tasting.  Tha 
apaoisMna  wara  machined  and  tasted  in  accordance  with  astm  b9  .  The 
rasttlts  of  those  tests  era  shown  below. 


rin  Mintiticatign 

4A-01 

40-01 

40-02 


Compress ivo 
Tiald  Strength,  psi 
ro.2%  offsets _ 

133,000 

125,000 

125,000 


Pin  mm»rinn 


Fin  baaring  test  spaeimans  wara  cut  and  machined  from  three  of  tha 
submittad  fin  settles.  Tha  spaciswns  wara  machined  with  a  1/4* 
diamatar  hole.  The  edge  distance  ratio  was  1.5.  Bach  spaciman  was 
machined  and  tasted  in  accordance  with  ASTM  B238.  Tha  results  of 
thasa  tests  are  shown  in  tha  table  below. 


Tin 

4T-01 

4F-01 

4AA-02 


TliiChMUi  la 

.0934 

.1232 

.1248 


Fin  Baaring 
Tiald 

strength,  osi 

187,000 

207,000 

205,000 


Pin  Baaring 
Ultimata 
Strength,  pel 

218,000 

228,000 

235,000 
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McDoniMll  OoualM  C«rf»r4tlon 
Mpert  Mo.  10S407 


Tho  roMinlAf  thsoo  fiot  mtm  out  to  obtain  •pociaona  for  ahoor 
taatino.  Tho  aMlaaina  we*  Maohinad  to  tha  pzaataat  thieknaaa 
poaaibla  ta  Ma  Mtainad  fsoa  aapM  fla*  fha  ahaar  apaoiaana  waxa 
aaohinad  and  taatai  in  aobardMasa  vlth  ■Xb-tR>*1312,  taat  #20  with 
raCaranea  ta  ASfM  ftaeaadi^»  ^loaa  SI*  taaluatlon  of  SingXa- 
Shaar  Spaoiaan  far  Shaat  Matarial*  fha  raaulta  of  thaaa  taata  ara 
ahoim  in  tha  tabia  balaw. 

Pin  banffth  of  Shaar 

Taantiffeatlan  ghaa^  Path,  in.  Phtefaiaaa.  in.  atMaOthi  Mt 

48-02  .2437  .1484  88*300 

4M-02  .2470  .1306  82*300 

4T.02  .2481  .1486  88*400 

Maspactfnlly  anbaittad* 
fhOBSXa  8SfOCZAtl8*  XK. 

Mark  A.  Hinaaan*  P.t. 

Oanior  latallurgieal  tnpinaar 


MAH/nb 


APPENDIX  E 


FRACTURE  MECHANICS  DATA 
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APPENDIX  E 


FRACTURE  MECHANICS  DATA 


This  appendix  contains  the  resulta  of  testing  compact  tension 
specimens  and  bend  specimens  excised  6rom  the  cast  Ti<6Al*4V  fins.  Data 
from  constant-amplitude  fatigue  tests  is  also  contained  in  this  section. 
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MoOonnall  Douglas  Mistila  Systaaw  Co. 
Raport  Ho.  103983 


81x  saa^os  of  tltanlua  oattings  «axa  aabadttad  to  our  laboratory 
for  aacMnieal  tasting,  tha  tasting  vaa  parforaad  In  accordanca 
with  "tnglnaarlng  Work  Stataasnt  for  fxaotnxa  Maehanlos  Tasting  for 
Osa  of  Tltanlua  castings  without  a  Casting  raotor*/  WS-1UT-716S. 
Th*  aachanleal  tasts  vara  to  Inoluda  fatlgu*  crack  growth  tasting 
of  thraa  apaclaans  par  A8TM  1847,  and  plana-straln  toughnass 
tasting  of  thraa  spaolaans  par  hSTIl  1992  and  1399,  and  R-eurva 
datarsdnatloh  par  1561. 

watw  aanfiM- 


Thraa  fatlgua  crack  growth  tast  spaclnans  wars  nachlnad  froa  tha 
aubalttad  castings  in  aeeordanea  with  A8TM  1647-88.  Tha  spaclaans 
wara  O.SO-C(T)  spaclnans  wara  pracrackad  at  roon  taa^ratura 
using  an  R-ratlo  of  0.1.  8aoh  spaolnan  was  tsatad  undar  a  constant 
load  with  ineraasing  K  conditions  at  roosi  tasvaratur*  and 
with  an  R-ratlo  of  O.l.  graphs  of  crack  langth  ws.  tha  nusibac  of 
oyelas  war*  dsvalopad  using  a  clip  gaga  to  asasur*  th*  crack 
opening.  Thasa  rasults  ar*  for  all  thraa  spaclaans  in  Plgura  Ho. 
2,  and  ara  Individually  prasantad  In  rigora  Hos.  4,  6,  and  8. 

ht  spaclflc  eyela  Intervals,  static  lead  and  COO  aaasuraaants  vara 
dotaralnsd  to  verify  coapliaao*  of  tha  spaclaans.  Tha  coapllanos 
aaasuraaants  war*  convartad  to  physical  crack  astanslon  using  Kodak 
and  Sasana  aquations  as  follows i 

A/W-l.OOlO  -  4.6695  D.  V  18.46  D,*  -  236.82  0,’ 

♦  1214.9  0,*  -  2.43.6  O,* 

Whar*  0,  -  (ilBV/P)’^  ♦  1)*’ 

Graphs  of  da/dn  vs.  Delta  K  war*  dovalopad  for  aach  spaclaan. 
Thasa  graphs  ar*  ooapllad  la  Plgura  Ho.  1.  and  ara  individually 
prasantad  as  Plgura  Hos.  3,  5,  and  7.  Tables  of  ths  data  obtained 
during  each  tast  ar*  prasentsd  In  Tables  1  through  6. 

Wi-aetura  Tftuatmaaa  ft-  K^SQ 


Three  0.400-C(T)  ooispaot  fracture  toughnass  spaclaans  war*  cut  and 
aachinad  froa  tha  subalttsd  tltanlua  castings.  Th*  spaclaans  ware 
pracrackad  and  tastad  at  4>7S*P.  Th*  spaclaans  wara  tasted  and  tha 
rasults  wara  avaluatad  In  accordano*  with  A8TM  1399-90.  Th* 
specific  tast  rasults  ars  prasantad  In  Tables  7,  8,  and  9,  and  a 
aunuary  is  shown  on  page  2. 
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MeDOfUMll  OoaglM  8y«i 

Itoport  Vo.  103983 


Co 


Mn\%  «a  MI  tlniU 

4ja<-01  70.8 
48C-01  C8.8 
40>02  70.0 


trolld/twiraliil 

Zavalld 

Xavalld 

Xnvolld 


■ft.  flf  tnwmltAM 

3 

3 

3 


Tbo  tM«  ronlta  of  tho  throo  fraotoc*  tonghifoa  tpoelaona  voto 
ovalttotod  Mr  AOBI  t9fl«8<.  tte  Monlta  of  ooeh  apooiaon  oxo 
pcosontod  la  Tabloa  10  thxoagh  12  aad  a  nmaxf  ia  abovn  bolov. 


Ml  Iin\k  mia/InTilid 


4AA-01  122.7 

4AC-01 

40-02  118.8 


140.9  Xanralld 
112.7  Xarolid 
129.0  Xovalld 


aloK  ma 


Tho  tMt  rooulta  of  tho  tteM  traotaxo  tooohaoao  apoeiaona  ooro 
alao  ooaloatod  par  hSTH  1992-84.  fho  soaalta  of  thoao  ooalaatioaa 
aro  shown  in  tho  tablo  balov. 


iMBll  a-aa.  rai  rin\h 

4ja-0l  147.1 
4hC-01  117.9 
40-02  Ul.f 


MAH/ab 


■aapootfallr  sabaittod, 

nonxo  MBSocixm,  me. 

lark  k.  mnsasn 
foniox  Motallargloal  inglnoar 


102 


HeOonMll  OooglM  iImII*  Bfmtma  Co. 
Sopore  10.  103983 

riporo  80.  1 


10 


a  4r>0l 
0  49^ 
♦  4r-ot 


10"*  b 


W*  b 


10^  b 


10"'  b 


10 


0 

0 


A 


ifb 

A 


A 


to 


i£° 


•r- 


-i-4-Li 


_l _ I _ i _ i  I  t  I 


1  10 

oolto  K  (UX 

d«/8o  VO  Oolto  E  Ocoph  £oc  oil  throo  opocioono. 
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JiMhL,.  ■fc-g-ia.iatl 


UMfU  HMOli  4T-01 

TBtD  tntmit  tO.O  KtX 
nVWHBBRl  Air 


«nt  OASt  07-0f-ltf2 
MOOfOLOti  U.S  IBX 
■DMXSmt  4SX 


nra  (ff) 

■oia  (Aft) 


<»».- 


0.100  a. 
o.Mf  a. 
o.iH  a. 


txss  1  (Al)  •  0.271  a. 
tai  2  (A2)  •  o.us  a. 


tnut  aanm  rActot 
ttatt  urn.*  .1 


UM  •  7.000  nxctqox.a.) 


miaow  LOAD  •  ISO  ut. 

UUD  lAMt  •  US  US. 

ttatt  uno  •  .1 


WXVXMm  LOAD  •  U  Ut. 
raqosacr  •  .i«a  utt* 

lAmou  •  txu 


fAtasn 


m  Ata  ii47.40t 


a  Al  Awo  a  MttT  a  <  o.u  •  i 
0.000  a.  0.2S  •  t  •  .ou 


VALa 


■or  ama  wou  aAi  Sf  now  ai  fua  or  tnogni 


fAUD 


ALL  VAUDITY  CHICKS  ARE  VALID. 
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ill  OoaglM  HiMll* 
■o.  103M3 


Booglaa 

.  loSfM 


■iMll*  Bfmtmmm  Co. 

rigoro  So.  3 
•  t  k  •  «  1  •  I 


cb 

a 


a 


o 

a 


o 


10 

Oalta  K  <KtZ  VtV) 


da/Ca  TO  Dolta  I  Crapta  Cor 


•la  4V-01 


••port  So.  103983 


wuLBtam  nfowmoii 


tAMKI  IWHfti 
TXBJD  SmMXIi  M.O  UX 
nmOMKt  Air  . 
cuac  fuuB  ounufioii 


Stt  AASt  e7.0t.lffX 
MOtnssi  lA.s  m 
wamvrct  4Sf 


aucmif  (!)  •  0.100  n. 
wxDn  on  •  o.oH  a. 
■oia  UA)  -  o.ui  a. 


fXBi  1  (Ai)  •  o.ai  a. 
tin  2  (A2)  -  O.UX  a. 


onus  anoiin  rAcnt  oamc  •  s.oso  mcoq^.a.) 
tam  iAn»>«  a 


MSMH  uab  •  uo  ut. 

UUB  UMi  ■  U7  IM. 

lani  uno  •  a 


mam  load  •  u  uo. 
mqoucr  -  .i-a  am 

ttVDou  •  tai 


OMOc  conrASoa  eonaenait 


mxDxtr  CBOS  m  Aoa  aoT^i 

1.  OXfflUME  UtWO  Al  AM  At  Wtt  B  <  4*21  •  I  OAUO 

oxmBRi  •  o.oot  a.  0.2s  •  ■  •  .oxs 

2.  ta  CUB  10R  Wt  BVIA8  MB  BB  9X  fBOM  BO  lUB  W  WBEBT  VAUD 


ALL  VALIDITY  CHBCK8  Afll  VAUD. 
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Sm 
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mamaaMMMMNnNaMrima  t)f*n 
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NeDooMll  OonglM  liUaii«  Wtmtmmm  Oo. 
tapoct  MO.  I039S3 


Tabla  St  TMt  Data  for  Saapla  4P-02 


nsxavi  essat  biwwtd  an  nton 


mxJKruKt  znaniiszoii 


UMfU  nKUtt  4t.02 

TULD  ttttMtll  M.O  m 

wmuutnt  Air 

eua  KAR  amaunoit  — 


mcmn  loutaMmti 

mcmM  (S)  •  0.100  a. 
nsn  on  •  i.ooo  n. 
mci  (Aa)  •  o.us  n. 


mciacCTO  amuMtt 

itnsi  xRsnxtT  fiCTot  lAMi  •  7.001  m(a<iAt*x>o 
tnttt  utzo  •  .1 


tnr  riUBtBti 

Rirmai  uuo  •  uo  ut. 
U3A0  UMI  •  U9  uo. 
onuo  IAT»  -  .1 


aucK  coxuton  oamcnoii 

mcoACK  raont  ras  OBqoMD 
mimuL  FATxoai  ouat  loa  uqumo 


VALXOXTT  OBCXO  RA  AOTV  I047>00i 

1.  Diffima  umu  ai  on  ai  moot  ti  <  o.as  •  o  talxb 

OXffPlMU  -  0.000  21.  0.20  •  0  •  .010 

2.  tb  cua  HOOT  nr  Bsmti  wu  tiam  ox  taom  tb  run  or  oTMBtir  talxb 


MXMXlfim  LOAD  -  10  UO. 
mqOPCT  •  .1.20  Itrts 
lATVOOM  •  OXB 


TUT  BATSt  07.10.IH2 
■ooount  lo.s  Mot 

■OMXDXTTt  402 


OXDt  1  (Al)  •  0.271  X>. 
om  2  (A2)  •  0.200  2B. 


ALL  VAUDITY  CHECKS  ARB  VALID 


11  Ooog^**  HImII*  Syst 


vielatM  tlM 


dm/dn  cn 


i 

i' 


<Hi)  •  mown  tstto 
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NbOoiiMll  OooglM  lllMtl*  lytPM  Qe. 
■•port  lo.  103983 


9u!^AkSSSu^£^  iWi  aMni8  iir-ni 


vAnea  HMeueam  watua* 
Momni  rAtxeoi  load 

O  (lUX) 


Kiqptt.ii.) 


eODlBAfl 

M _ 

IfICZMUl 


mn  tua  (t^}  • 

tIUlOtl  lARO  * 


m 


»1"“  : 

M4S1MDII  LOAD  CfHAX)  *  SOM 

Kmr-iErow(fq8f.»nii» 


mXBXTT 


1.  I  WIT 

I  •  0. 

2.  A  MfJS 


m  Ain  8299 

>  01  •  Ip2.9*(. 

>  t  * 

08 : 


42  An  0.22 
AIT  110  or 
jm  0,222'ii 


08  •  .1*A 


g.  FAHCT  mClAO 

.  HIT  corntxix' 
ACTTUL  non  • 


fneq  •  40.1  nxdqiT.a.) 

Ox 

•  0.022  ». 

1.2 


***  TB8T 18  INVALID  PER  A8TM-I3W ;  KQ  ■  8M  ICSI(8QflT.IN.)  *** 
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Vabla  9t  traetnra  toiiQhaaM  Bar  BSBB#  Saapla  40-02 


fULIMZIUCr  IfWBtlTttii 


jMz^nj^fAneoi  load 


Mnnun  load  (IO) 
OTcwn  MIMOa  tAfXO 
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■cOonacll  Dooglaa  Rlaaiia  svatMa  Oo. 
Raport  Ro.  10SM3 
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1  • 


‘"“sunssB  avisrst'WRU"  Morase^isu,  >. 


122 


U.s.  GovtkNMtNT  Printino  office  750*113 


SUPPLEMENTARY 


INFORMATION 


FROM: 


DEPARTMENT  OF  THE  AIR  FORCE 

WRIOHT  LABORATORY  <AFMCt 
WRIOHT-RATTERSON  AIR  FORCE  BASE.  OHIO 


WUMLSE  Bldg  652 
2179  Twelfth  St  Ste  1 
Wright-Pattorson  AFB  OH  45433-7718 


SUBJ:  Error  in  Report  WL-TR-92-4090  "Use  Of  Titanium  Castings  Without  a 

Casting  Factor" 


TO:  Distribution  List 


1 .  Please  note  that  an  error  has  been  found  in  the  subject  report  on  page  31.  The  error 
is  in  the  derived  properties;  compression,  bearing,  and  shear. 


2.  Attached  is  a  corrected  table  to  replace  the  one  in  error. 


3.  If  you  have  any  questions  concerning  this,  the  point  of  contact  is  Steven  Thompson 
at  {Sm  255-5063. 


1  Atch 

Distribution  List 


Steven  R.  Thompson 
^gineering  and  Design  Data 
Materials  Engineering  Branch 
Systems  Support  Division 


Mechanical  &  Physical  Properties  For 
TI-64,  Investment  Cast 


Specification 
Form 
Temper 
Thickness,  or 
diameter,  in 


Investment  Cast 
Annealed,  HIP*d 


Basis 

Typical 

B 

Mechanical  Properties 
Ftu*  ksi 

131 

128 

Fty,  ksi 

125 

123 

Fey,  ksi 

Fsu,  ksi 

Fbru.  ksi 
(e/D  X  1.5) 

Fbry,  ksi 
(e/D  *  1.5) 

e,  percent 

^c»k8i«inl/2 

E,  103  ksi 
Ect  103  ksi 
G,  103  ksi 


5.5 

17 


m 

Physical  l^roperties: 
w,  Ibs/ln 
C,  Btu/lb*F 
K,  Btu/hr»ft*F 
a,  10’®in/in.F 


A 


ISl 


Data  source:  Cast  fins  and  step  plates 
Number  of  specimens:  115 


nCURE  17.  SUMMARY  OF  ALLOWABLES  FOR  CAST  TI-6AL^V 
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